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 Engineering Block Copolymers for Advanced Lithography 
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Co-Supervisor:  Christopher J. Ellison 
Co-Supervisor:  C. Grant Willson 
 
Block copolymer (BCP) nanoimprint lithography is an attractive possible solution 
for manufacturing hard disk drives with information densities greater than 1 Tbit/in2. At 
these densities, individual bits must be smaller than 10 nm, and BCPs can be engineered to 
spontaneously self-segregate into features on this size scale. In addition to small feature 
sizes, industrially relevant BCPs should have simple orientation strategies and possess 
good etch contrast and resistance.  
Several silicon-containing BCPs were investigated due to the increased etch 
contrast and resistance imparted by silicon. The synthesis, characterization, and thin film 
studies of three silicon-containing BCPs are detailed. Due to the surface energy mismatch 
between the silicon-containing block and the organic block, solvent annealing and top coats 
were needed to perpendicularly orient these materials. While these materials possess many 
advantages, they each have shortcomings that prevent them from being ideal industrial 
materials. 
A derivative of poly(styrene-block-methyl methacrylate) was engineered to take 
advantage of its simple orientation procedure while decreasing the smallest achievable 
feature size. The synthesis and characterization, including determination of the  
parameter, of this BCP are detailed. The thin film assembly of this BCP was also 
 x 
successfully demonstrated, and this dissertation concludes with several ideas for future 
studies.  
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Chapter 1: Block Copolymer Lithography 
1.1 INTRODUCTION: HARD DISK DRIVES AND THE SUPERPARAMAGNETIC EFFECT 
Consumer microelectronic devices have steadily become lighter, faster, less costly, 
and more powerful. This continuing pace of technological advancement has been powered 
by a rapid rate of component miniaturization described by an empirical phenomenon driven 
by Intel co-founder Gordon Moore’s “Moore’s Law.”1 In the hard disk drive (HDD) 
industry, “Kryder’s Law” analogously describes the rapid areal storage density increase 
observed from 100 Mbit/in2 in 1995 to 110 Gbit/in2 in 2005, over a 1,000-fold increase2. 
The current hard drive technology utilizes granularly defined magnetic films where groups 
of magnetic grains representing individual bits directly neighbor one another, as shown in 
Figure 1.1.  
 
Figure 1.1  (a) A schematic illustration of a read-write head writing bits into 
perpendicularly magnetized media. (b) A TEM image of individual 
magnetic grains. Red and blue regions indicate magnetic bits of opposite 
polarities. Image from [3], © 2008 IEEE. 
 
For many years, areal density has increased by simply shrinking the bit size (i.e., 
the total disk surface domain size whose magnetic polarity defines stored data) by 
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decreasing the number of magnetic grains that make up one bit. However, continual 
reduction of the number of grains in a bit eventually leads to intolerable signal-to-noise 
ratio (SNR). When the number of grains per bit is decreased, the bit boundary shape 
becomes increasingly distorted, as illustrated in Figure 1.1(b). The SNR of the data stored 
on the HDD is inversely proportional to the number of grains in a bit: 
 𝑆𝑁𝑅 ∝
𝑊𝑏𝑡
𝑉𝑔
       Equation 1.1 
where Wbt is the volume of a bit and Vg is the volume of a grain.
4 Therefore, decreasing the 
grain volume will allow the bit size to decrease while maintaining an acceptable SNR. 
However, if the grain volume is reduced too much, the magnetization becomes unstable 
and can spontaneously flip at room temperature, a phenomenon known as the 
superparamagnetic effect. Magnetization reversal can happen spontaneously when the 
anisotropy energy (EA = KuVg) becomes comparable to the thermal energy (ET = kBT), 
where Ku is the anisotropy energy per unit volume, kB is the Boltzmann constant, and T is 
the absolute temperature.5 Ku is an intrinsic material property of the magnetic medium; 
therefore, continuous grain volume reduction will eventually lead to data corruption. 
Spontaneous magnetic switching manifests itself as an unacceptable loss of data integrity 
in a HDD.  
For conventional perpendicular magnetic media currently used in the industry, 800-
900 Gbit/in2 HDD’s are being shipped, and Toshiba recently unveiled a HDD with 1 
Tbit/in2 information density.6 However, 1 Tbit/in2 is approximately the limit for 
perpendicular magnetic media described above, and new recording technologies7 are 
required to keep the HDD industry on pace with the Advanced Storage Technology 
Consortium (ASTC) roadmap shown in Figure 1.2. 
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Figure 1.2  ASTC roadmap of increasing areal storage density on hard disk drives. 
Image from [8], © 2014 IDEMA. 
1.2 OVERCOMING THE SUPERPARAMAGNETIC EFFECT 
Developing new recording technologies to move past the information density limit 
imposed by the superparamagnetic effect has been a priority for the HDD industry for many 
years, and several promising candidates have emerged. As shown in Figure 1.2, two 
dimensional magnetic recording (TDMR), shingled magnetic recording (SMR), heat 
assisted magnetic recording (HAMR), and bit patterned magnetic recording (BPMR) are 
expected to increase areal density to over 10 Tbit/in2 and carry the HDD industry through 
2025. This section will give a brief overview, including advantages and disadvantages, of 
each recording strategy. 
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1.2.1 Two dimensional magnetic recording (TDMR) 
TDMR relies on using a complex algorithm to process a two dimensional wave 
signal instead of the typical one-dimensional signal (magnetization polarity), which can 
theoretically reduce bit sizes down to a single grain,9 as shown in Figure 1.3. With each 
grain as a separate bit, information densities of up to 10 Tb/in2 can be realized.10 However, 
major drawbacks include read/write heads being too large to read or write at such a small 
scale and still-nascent processing algorithms.11–13 While it is unlikely that this recording 
technology will be implemented on its own in the near future,13 TDMR can offer numerous 
processing advantages when used in conjunction with other strategies. 
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Figure 1.3  Schematic illustrating the principle behind two dimensional magnetic 
recording (TDMR). Each individual random grain can act as a bit, each bit 
can be detected using a two dimensional waveform. Schematic from [9], © 
2010 IEEE. 
1.2.2 Shingled magnetic recording (SMR) 
SMR is a recording technology that uses much of the existing HDD read-write 
architecture and media and improves areal density by partially overwriting adjacent tracks, 
much like shingles on a roof (Figure 1.4). It is easier to read thinner tracks than to write 
thinner tracks, and the main advantage of this approach is that it can improve areal density 
up to 2.25x without equipment innovation.14 The widths of the written tracks are not greatly 
reduced; therefore, the strength of the magnetic polarization is strong enough to prevent 
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the superparamagnetic effect.14 The main challenge to this approach is rewriting 
information without damaging the information contained on neighboring tracks and the 
associated slow HDD response times.15 Despite these challenges, Seagate announced its 
first SMR HDD in September 2013,16 followed by HGST in September 2014.17 
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Figure 1.4  (a) Schematic of how SMR works. Each successive track partially 
overwrites the previous adjacent track, allowing for thinner tracks. (b) A 
more detailed schematic explaining SMR. The left side portrays four 
traditional tracks numbered 1-4 with width w and distance g between tracks. 
The right side portrays six shingled tracks numbered 1-6 with width w’, 
effective width r, and distance g between shingled groups. Schematic from 
[18]. 
(a)
(b)
’
 41 
1.2.3 Heat assisted magnetic recording (HAMR) 
HAMR exploits the temperature dependence of a magnetic property called 
coercivity: as temperature increases, coercivity decreases. When magnetic coercivity is 
higher, magnetic polarization is more stable, but the magnetic media is more difficult to 
write. As bit size decreases, so does magnetic coercivity, and there exists a size at which 
the superparamagnetic effect becomes a destabilizing factor. However, if a magnetic 
medium with a higher coercivity is employed and a laser is used to locally heat the small 
portion of the medium that is being written, the data can be written at low coercivity.19 
Soon after the laser and write head moves to the next area, the previously heated area cools 
rapidly, regaining the high coercivity desired for stable data storage (Figure 1.5).20  
 
Figure 1.5  Schematic of HAMR technology. A laser attached to the write head heats a 
small spot on the recording media while information is written, thus skirting 
the superparamagnetic effect. Reprinted with permission from [21], © 2009 
Nature Photonics. 
The major technological challenge to this approach is manufacturing a write head 
with an attached laser powerful enough to heat the magnetic media to the required writing 
d
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temperature.22 Due to this challenge, commercial HDD’s with HAMR technology have not 
yet been commercially manufactured.23 
1.2.4 Bit patterned magnetic recording (BPMR) 
BPMR shifts the media paradigm away from continuous magnetic media to discrete 
magnetic islands in an “insulating” matrix, as shown in Figure 1.6. By magnetically 
isolating each bit, the effect of surrounding magnetic polarizations is diminished, leading 
to higher SNR. The smallest bit size is now limited by the patterning of each bit and the 
ability of the read/write head to register the bits.24 Theoretically, bit sizes can shrink down 
to several nanometers in size, thereby increasing areal density up to 5 Tb/in2 or more.25 
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Figure 1.6  Differences between conventional HDD magnetic media (left) and bit 
patterned magnetic media (right). In conventional HDD magnetic media, bit 
boundaries are determined by the read/write head. In bit patterned media, 
each magnetic bit’s size and location are predetermined. Figure from [3], © 
2008 IEEE.. 
The challenge to implementing BPMR is developing a technique for placing the 
small magnetic islands in precisely controlled locations and then manufacturing disks 
containing such structures on a commercial scale. Nanoimprint lithography, wherein a 
master template can be used to create replicate disk patterns, is a potential solution to this 
problem,26 but a master template must first be manufactured. Because each bit is so small, 
conventional patterning techniques are either inadequate or prohibitively expensive and 
time consuming.27  
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This dissertation focuses on the use of block copolymers (BCP) to pattern 
nanoimprint templates to enable BPMR for the HDD industry. Several promising 
preliminary results, such as that shown in Figure 1.7, have demonstrated that BCPs can be 
used to fabricate ordered, well-aligned features.28,29 However, shrinking the size of each 
bit to below 10 nm and ensuring perfect pattern alignment over a 3.5-inch disk are 
challenges yet to be addressed. 
 
Figure 1.7  Etched BCP features on a silicon wafer. This demonstrates that BCP can be 
used to pattern small, well-ordered, periodic structures, although the size of 
each feature in this figure remain too large for its intended HDD application. 
Reprinted with permission from [28]. Copyright 2011American Chemical 
Society. 
1.3 BLOCK COPOLYMER LITHOGRAPHY 
A key step to implementing BPMR is developing a methodology for patterning the 
individual bits. Because the bits must be on the size scale of single nanometers to achieve 
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the projected areal densities,24 the patterning process must be able to accurately and 
precisely produce features of 10 nm or smaller.   
Photolithography, the use of light to pattern features, is the patterning process 
currently used in high volume semiconductor manufacturing. However, the attainable 
feature size is limited by the wavelength of light used, and the current technology can 
pattern half pitches down to approximately 40 nm with 193 nm radiation, far larger than 
the 10 nm target for BPMR.30 Advanced light sources with smaller wavelengths, such as 
extreme ultraviolet lithography machines, are currently being developed, but these new 
machines are prohibitively expensive and wildly behind high-throughput production 
schedule.31 
BCP lithography is a promising approach for fabricating magnetically isolated bits 
at this size range31–34 in a high throughput manner. In this dissertation, BCP will refer 
exclusively to diblock copolymers (Figure 1.8(a)), a subgroup of multiblock copolymers 
(Figure 1.8(b)). Diblock copolymers consist of two chemically distinct homopolymers that 
are covalently joined at one terminus of each.  
 
 
Figure 1.8  (a) Diblock copolymer with poly-A and poly-B blocks. (b) Triblock 
terpolymer with poly-A, poly-B, and poly-C blocks. Many other forms of 
multiblock copolymers exist, including copolymers with repeating blocks, 
such as an A-B-A triblock terpolymer. 
a) …-A-A-A-A-A-A-A-B-B-B-B-B-B-B-B-…
b) …-A-A-A-A-A-B-B-…-B-B-C-C-C-C-C-…
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Because the two blocks are usually immiscible, BCPs often microphase separate 
upon annealing to form periodic structures with a characteristic length scale ranging from 
5-100 nm.35–37 The process flow by which a BCP can be used to pattern a silicon substrate 
is shown in Figure 1.9.  Once the appropriate molecular architecture is chosen, the BCP is 
deposited as a thin film onto the substrate. The BCP must then be oriented in such a way 
that features are visible from the top down, which is usually perpendicular to the substrate. 
Once the desired features are present, one block is selectively removed, and the remaining 
block acts as an etch mask for the underlying substrate. The etched silicon substrate can 
then be used as a patterning template for nanoimprint lithography. 
 
 
Figure 1.9  To make a patterning template, a BCP solution is first spin-coated onto a 
silicon substrate coated with a neutral surface treatment. After BCP is 
oriented and aligned on the substrate, one block is selectively removed by 
reactive ion etching, and the remaining block becomes an etch mask for the 
substrate. Finally, the pattern is transferred to the substrate and the 
remaining polymer is washed off. 
In order for a BCP to be lithographically useful, it should satisfy the following 
criteria: 
1. Form a lithographically useful morphology 
2. Form features that are small enough to be useful for the application 
3. Perpendicular orientation in thin films 
4. Etch selectivity and resistance for ease of pattern transfer 
5. Ability to be aligned over large areas 
 47 
Judicious selection of the two blocks can help satisfy most, if not all, of the above criteria, 
which will each be explained in more detail in the following subsections. 
1.3.1 BCP morphologies 
A variety of chemical strategies can be employed to tailor BCPs to the processing 
needs of specific applications. Different self-assembled morphologies can be accessed by 
manipulating the volume ratios of the two blocks. As shown in Figure 1.10, morphologies 
from cubic packed spheres to hexagonally packed cylinders to lamellae can be achieved. 
Cubic spheres may be useful for templating graphene nanodots,38 while hexagonal 
cylinders and lamellae can be useful for the HDD industry. 
 
 
Figure 1.10  Different morphologies can be achieved using BCPs by varying the volume 
fraction of one block to the other. In this phase diagram, reprinted from, the 
morphologies that can be achieved for a diblock copolymer are illustrated. 
Reprinted with permission from [39]. Copyright 2006 American Chemical 
Society. 
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1.3.2 Minimum feature sizes of BCPs 
The size of the features formed is governed by the BCP’s degree of polymerization 
(N) and the Flory-Huggins interaction parameter () between the two components of the 
BCP.40 The product  is a direct measure of the thermodynamic incompatibility between 
two blocks, with a higher  designating more chemically incompatible blocks, providing 
a quantitative means to evaluate the smallest possible features accessible by a given 
chemical structure. The domain spacing (d) for symmetric, lamella-forming BCP’s  scales 
with  and N by the following relationship41: 
d = aχ1/6N2/3       Equation 1.2 
showing that smaller periodic structures are achieved by reducing N. However, below a 
critical threshold value of ~10.5, volumetrically symmetric diblock copolymers no 
longer microphase separate but become miscible in one another, as illustrated by the 
disordered region (DIS) in Figure 1.10.41  
It is clear that so called “high ” block copolymers are needed to access smaller d 
values, and therefore smaller features, to take advantage of the weaker  dependence 
relative to N in Equation 1.2 and still be above the miscibility threshold.  was originally 
defined to represent the energetic penalty for removing one repeat unit from a lattice of its 
peers and placing it in a new lattice where it is surrounded by a different chemical 
constituent. Therefore,  in a BCP can be increased by making the blocks more chemically 
dissimilar or by enhancing intramolecular interactions between identical blocks. In 
addition, based on the phase diagram shown in Figure 1.10, the smallest ordered features 
for a specific BCP can be accessed only when the volume fractions of A and B are 50:50 
in the lamellae morphology. Therefore, the majority of the work presented in this 
dissertation is focused on symmetric lamellae-forming BCPs. 
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1.3.3 Perpendicular orientation of BCP thin films 
In addition to having the ability to form smaller features, a lithographically useful 
BCP must also be able to be process-able using current industrial equipment. Processing, 
when applied to BCP lithography, means orienting the BCP in a thin film into 
lithographically useful features oriented perpendicular to the substrate. This way, both 
blocks can be seen from a top down view, as shown in Figure 1.11. Thereafter, one of the 
blocks can be selectively removed, and the remaining block can be used as an etch mask.42 
 
Figure 1.11  The importance of neutral surface energies on lamellae-forming BCP 
alignment in thin film. Starting from the top row, the substrate surface 
energy must be neutral for the BCP (neither block preferentially wetting the 
substrate). Next, as shown in the bottom row, the top interface must also be 
neutral. Only when both the top and bottom interfaces are neutral for the 
BCP will the desired line-and-space pattern be visible from a top down 
view.  
In order for a BCP to orient itself perpendicular to a substrate, the surface energies 
of the materials below the BCP (the substrate) and above the BCP must be ‘neutral’ relative 
 50 
to the BCP. In other words, the substrate and the top interface must both possess a surface 
energy in between the surface energies of the two blocks of the BCP such that neither block 
prefers to wet either interface.43 The substrate surface energy can be easily tuned using a 
crosslinked or grafted surface neutralization treatment,44 but controlling the top interface 
surface energy is more challenging in practice.  
Solvent annealing,35,43,45 polymeric top coats,46–48 thermal annealing, electric fields, 
and shear alignment have all been used to perpendicularly align BCP’s, among many other 
orientation strategies. Among these strategies, polymeric top coats and thermal annealing 
are the most attractive. Polymeric top coats require careful selection of an appropriate top 
coat, but once selected, it easily integrates into existing process flows with simple spin 
coating and thermal annealing track equipment. Thermal annealing is the simplest and most 
easily integrated annealing strategy in terms of processing. Because surface energy can 
also vary with temperature, for certain BCPs whose blocks’ surface energies are slightly 
different, there may exist a temperature at which their surface energies are the same below 
their degradation temperatures.49 In these cases, a simple one-step thermal annealing 
process, which only requires a hot plate, can perpendicularly orient the BCP microdomains 
(e.g., poly(styrene-block-methyl methacrylate) (PS-PMMA) fits into this category). 
1.3.4 Etch resistance and etch selectivity 
After the desired perpendicular structure is achieved in a thin film, the structure 
must be translated into the underlying inorganic substrate through an etch step. The 
governing parameter during this step is etch selectivity, or the relative etch rate between 
the two blocks of the BCP.50 For an ideal BCP, one block would be highly resistant to the 
etch while the other would be minimally resistant, resulting in complete removal of one 
block and leaving behind high aspect ratio features comprised of the other block.51 After 
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etching away one block, the remaining block acts as an etch mask for the underlying 
substrate. Etching into the substrate typically requires a different etch recipe, and in 
general, tall, high-aspect ratio etch mask features simplify processing.  
1.3.5 Long range alignment 
 For BCPs to be useful for the HDD industry, it must produce bits that are aligned 
and evenly spaced over a large area, such as a standard 3.5-inch HDD. For this reason, 
simply having perpendicular features is not enough; the features must be located at precise 
intervals relative to each other such that a read/write head can determine the location of 
adjacent bits based on one bit. For this, long range alignment of the BCP is necessary which 
is often achieved using directed self-assembly (DSA) strategies.52 
Chemoepitaxy (Figure 1.12) and graphoepitaxy (Figure 1.13) are two approaches 
to the DSA of BCP’s. Chemoepitaxy relies on using substrate surface patterns that are 
chemically preferential to one block of the BCP to “guide” the BCP to the desired 
pattern.53,54 Graphoepitaxy uses physical trenches with preferential walls to guide the 
alignment of BCPs.55 The BCPs best suited to DSA are those with two very chemically 
disparate blocks so that one block will strongly preferentially interact with either a guide 
stripe or a trench wall. However, the BCP must also be perpendicularly oriented in both 
chemoepitaxy and graphoepitaxy, and a high- BCP typically requires a more complicated 
orientation strategy due to the often significant surface energy mismatch between the two 
blocks.  
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Figure 1.12  An example chemoepitaxy flow. Chemoepitaxy uses patterned substrate 
surface lines that are chemically preferential to one block of the BCP to 
guide alignment over the patterned area. Each patterned line can be spaced 
at a multiple of the natural domain periodicity of the BCP, resulting in 
pattern density multiplication. In this schematic, 4x density multiplication is 
illustrated. Schematic from [56]. Copyright 2012 Society of Photo Optical 
Instrumentation Engineers. 
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Figure 1.13  Graphoepitaxy flow. Graphoepitaxy uses topographic relief features on the 
substrate to form trenches with walls that are preferential to one block of the 
block copolymer. When the substrate is coated with a neutral layer, the 
preferential block will wet the walls, and the alignment will propagate 
inwards to fill the trench. Schematic from [56]. Copyright 2012 Society of 
Photo Optical Instrumentation Engineers. 
1.3.6 BCP lithography challenges 
Bit patterned magnetic recording represents a paradigm shift from the continuous 
magnetic media to bit patterned media, which brings with it a host of technological 
challenges. Two main challenges are adapting the current read/write procedure to bit 
patterned media and managing the defects of the BCP nanopattern to create the nanoimprint 
mask.  
First, the read/write procedure must be modified to account for each discrete dot, 
and spatial error tolerances are on the order of 1 nm.24 Instead of creating the bit boundaries 
based on the area of the read/write head, the equipment and software must be altered to 
recognize discrete magnetic islands.3 In addition, the small bit sizes necessitate either 
writing with stronger magnetic field strengths or reading with greater sensitivity.57  
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Next, the individual bits must be arranged precisely for the read/write head to 
recognize them, which means the BCP nanopattern must be aligned perfectly across the 
area of the HDD. This requires precise control over alignment and orientation of the BCP 
thin film, and the etch process must transfer the patterns in the BCP to the underlying 
substrate with great fidelity. Despite these challenges, BPMR remains a promising 
technology to lead the HDD industry to greater areal densities. While there are many BCPs 
that already fulfill some of the five criteria listed in Section 1.2,32,48,58,59 there does not yet 
exist a BCP that can fulfill all five criteria. 
The following chapters in this dissertation present four BCPs that were studied for 
their potential use in making the nanoimprint masks needed for the HDD industry to 
implement BPMR. Chapter 2 discusses the synthesis and thin film studies of two silicon-
containing BCPs, poly(trimethylsilyl styrene-block-lactide) (PTMSS-PLA) and 
poly(trimethylsilyl styrene-block-isoprene) (PTMSS-PI), wherein a silicon-containing 
block was incorporated into the BCP to enhance both etch contrast and . Chapter 3 focuses 
on another silicon-containing BCP, poly(pentamethydisilyl styrene-block-ethyl glycolide) 
(PDSS-PEGL) by further increasing the chemical dissimilarity between the two blocks 
relative to PTMSS-PLA. Chapter 4 focuses on the synthesis, thin film studies, and  
characterization for the BCP poly((styrene–random-vinylnaphthalene)-block-methyl 
methacrylate) (PSVN-PMMA), a BCP that simplifies the perpendicular orientation 
process, and Chapter 5 details the photochemistry of PSVN-PMMA. This dissertation 
concludes with some future works, found in Chapter 6. 
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Chapter 2: Poly(trimethylsilyl styrene-block-lactide) (PTMSS-PLA) and 
Poly(trimethylsilyl styrene-block-isoprene) (PTMSS-PI) 
A multitude of BCPs have been studied as candidates for enabling BCP lithography. 
The most widely studied BCP, poly(styrene-block-methyl methacrylate) (PS-PMMA), has 
been used to pattern well-aligned, ordered lamellae, cylinders, and non-linear, device-
useful patterns. However, the smallest etch-transferable features accessible by PS-PMMA 
is about 12 nm,1 which limits the usefulness of the BCP to about one generation of bit 
patterned magnetic recording hard disk drives (BPMR HDDs). In addition, although PS-
PMMA has been successfully used as an etch mask for a hard substrate, etch contrast 
between PS and PMMA is about 1:2-1:7 depending on the etching conditions.2,3 Also, the 
PS domain that remains after etch removal of the PMMA domain is not a very robust etch 
mask material as compared to metal,4 and pattern transfer to the underlying substrate could 
be challenging, even with a high aspect ratio PS structure. The BCP would be more 
commercially useful if the feature size could be decreased, the etch contrast between the 
two blocks increased, and the block acting as an etch mask engineered to be more robust. 
In this chapter, two alternative candidate BCPs, poly(trimethylsilyl styrene-block-
D,L-lactide) (PTMSS-PLA) and poly(trimethylsilyl styrene-block-isoprene) (PTMSS-PI), 
were investigated in an effort to identify a lithographically useful BCP with smaller 
features and better etch properties as compared to PS-PMMA. In both BCPs, the nonpolar 
block is PTMSS, a silicon-containing styrene derivative. PTMSS was chosen because it is 
relatively easy to synthesize, has an accessible Tg, and imparts many advantageous 
properties to the BCP. The inclusion of silicon as TMS increases the hydrophobicity of the 
nonpolar block relative to polystyrene, which should also increase the  parameter of the 
BCP. In addition, the inclusion of the metalloid silicon in the nonpolar block increases the 
etch resistance of that block since silicon produces nonvolatile compounds in the presence 
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of oxygen plasma,5 in contrast to the volatile products formed by organics in oxygen 
plasma. 
2.1 POLY(TRIMETHYLSILYL STYRENE-BLOCK-LACTIDE) (PTMSS-PLA) 
The viability of PLA as a BCP component was first studied by my mentor, Julie 
Cushen, and the work was carried out as a joint collaboration between Julie, myself, and 
HGST (now Western Digital). This was the first project I was involved with in my graduate 
career, and I synthesized many of the samples used in this section. In addition, I helped 
with the solvent annealing of the resulting polymer films. Finally, this project was the 
inspiration for the project discussed in the second part of this chapter on PTMSS-PI. 
PLA was chosen as the repeat unit for the polar block because of its high oxygen 
content which leads to high polarity, cost effectiveness as a “green,” renewable and 
biodegradable material,6 and the availability of a straightforward polymerization route. 
Most importantly, the  parameter of poly(styrene-block-lactide) (PS-PLA) had already 
been measured to be 0.25 at 25 C,7 which is many times higher than that of PS-PMMA at 
the same temperature. By pairing this monomer with a more hydrophobic silico-containing 
styrenic counterpart, the increase in  should be even more dramatic. 
Lactide has three stereoisomers D-lactide, L-lactide, and meso-lactide (Figure 2.1), 
which all form crystalline homopolymers due to their stereoregularity. Therefore, to avoid 
the high melting points associated with crystalline polymers,8 D,L-lactide, a physical 
mixture of the D- and L- isomers, was chosen as the monomer for PTMSS-PLA. Due to 
the inclusion of two different stereoisomers which promote irregularity in the repeat unit 
structure, the crystallinity is suppressed.9 
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Figure 2.1 The three stereoisomers of lactide. Image adapted from [10]. 
2.1.2 Experimental Methods 
2.1.2.1 TMSS monomer synthesis 
The trimethylsilyl styrene (TMSS) monomer was not commercially available, so it 
was synthesized using a Grignard reaction shown in Scheme 2.1. Magnesium shavings 
were freshly ground using a mortar and pestle then immediately added to a rubber septa-
capped 500 mL flame dried 3-neck round bottom flask equipped with a reflux column, 
which was placed in a 70 C oil bath. Dry THF from a column-based solvent 
purification/dispensing system was cannulated to the reaction flask. Three drops of 
dibromoethane were added to the reactor, and a few minutes passed before the reaction 
started bubbling. Then, chlorostyrene was added to the reactor drop by drop via an airtight 
syringe. If the reaction became too exothermic, the chlorostyrene was added more slowly. 
After all the chlorostyrene was added, the reactor vessel was moved from the oil bath to an 
ice bath. Next, chlorotrimethylsilane was added dropwise to the reactor using a syringe. 
The reaction was allowed to proceed overnight, and it was quenched by adding 
D-lactide L-lactide
meso-lactide
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isopropanol, methanol, water, and finally weak acid to the reactor. The TMSS monomer 
product was isolated by extraction with ether and purified by fractional distillation. 
 
Scheme 2.1 Synthesis of TMSS monomer by a Grignard reaction. 
2.1.2.2 TMSS monomer characterization 
Hydrogen nuclear magnetic resonance (1H NMR) was used to confirm the purity of 
the TMSS monomer, as shown in Figure 2.2. The integration of the peaks matched well 
with the number of assigned hydrogens, indicating that TMSS was successfully 
synthesized with little to no precursor molecules remaining. 
Mg, TMS-Cl
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Figure 2.2 1H NMR of purified TMSS monomer in CDCl3. The peak integrations agree 
well with the assigned hydrogens, indicating successful synthesis. The 
unlabeled peak at 1.6 ppm is water, and the unlabeled peak at 7.26 is 
protonated solvent. Reprinted with permission from [11]. Copyright 2012 
American Chemical Society. 
2.1.2.4 PTMSS-OH and PTMSS-PLA polymer synthesis 
PTMSS-PLA was synthesized by a combination of anionic and ring-opening 
polymerization, as shown in Scheme 2.2. Hydroxyl-terminated PTMSS was first 
synthesized by anionic polymerization. An appropriate amount of sec-butyl lithium was 
used to initiate the reaction in cyclohexane at 40 C from the column-based solvent 
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purification/dispense system. After stirring for 45 minutes, TMSS monomer was added 
dropwise with an airtight glass syringe. The reaction was allowed to proceed overnight. 
The hydroxyl end-cap was installed by adding a 10x molar excess of purified ethylene 
oxide (distilled twice over butyl magnesium chloride), and this reaction was again allowed 
to proceed overnight. Finally, degassed methanol was added to the reactor to quench the 
reaction. The PTMSS-OH polymer was precipitated in methanol and dried in vacuo, and it 
later functioned as a macroinitiator for the PLA block. 
D,L-lactide was recrystallized from ethyl acetate to remove impurities from the 
monomer and stored in the dry box. A carefully measured amount of PTMSS-OH was 
taken into a dry box, where purified toluene (distilled twice over calcium hydride to remove 
water) was added to the macroinitiator. Triethylaluminium was then added to the PTMSS-
OH solution and allowed to stir for 2 hours, forming an aluminum alkoxide initiator. The 
lactide was then added to the solution, and the round bottom flask was capped with a rubber 
septum and brought out of the dry box. The reactor was immediately submerged in a 90 C 
oil bath and stirred for 6 hours before it was quenched with a few drops of a 1 N HCl 
solution. The BCP was precipitated in a 1:1 methanol:water mixture and dried in vacuo. 
 
Scheme 2.2 Synthesis of PTMSS-b-PLA by a combination of anionic and ring-
opening polymerization. Reprinted with permission from [11]. 
Copyright 2012 American Chemical Society. 
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2.1.2.4 PTMSS-OH and PTMSS-PLA polymer characterization 
Absolute molecular weight and dispersity for the PTMSS-OH macroinitiator were 
determined using size exclusion chromatography (SEC) (measured dn/dc of PTMSS-OH 
in THF at 30 oC was 0.138). The dispersity for the BCP was determined using SEC, and 
the clean shift of the SEC trace from PTMSS-OH to PTMSS-PLA (i.e., no shoulder or 
additional peak in the trace at the PTMSS-OH elution volume) indicated that 1) nearly 
every PTMSS polymer chain was successfully hydroxyl-terminated and 2) the PLA block 
was added to each PTMSS-OH macroinitiator (Figure 2.3). The molecular weight of the 
BCP was calculated from a 1H NMR spectrum (Figure 2.4) based on the molecular weight 
of the PTMSS-OH block and the mass densities of PTMSS (0.963 g/cm3) and PLA (1.15 
g/cm3). Volume and mole fractions for PTMSS-PLA were also calculated from the 1H 
NMR spectrum. 
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Figure 2.3 SEC traces of PTMSS-OH5.5 macroinitiator and PTMSS5.5-PLA6.6, where 
the subscript represents the number average molecular weight of the 
macroinitiator or BCP in kg/mol. A leftward shift of the entire trace 
indicates PLA growth on every PTMSS-OH macroinitiator. Adapted with 
permission from [11]. Copyright 2012 American Chemical Society. 
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Figure 2.4 Representative 1H NMR trace from PTMSS5.5-PLA3.7. Peaks f and b were 
used to determine the mole and volume fractions of the material. Number 
average molecular weight was calculated based on the mole fractions and 
molecular weight of the PTMSS-OH macroinitiator. Peak c is residual THF. 
Reprinted with permission from [11]. Copyright 2012 American Chemical 
Society. 
Of the PTMSS-PLA samples I synthesized and characterized, the most useful one 
was PTMSS5.5-PLA3.7, where the subscripts represent the molecular weight of each block 
in kg/mol. This BCP was necessary for proving that small cylinders could be 
perpendicularly oriented in thin films. However, many additional PTMSS-PLA samples 
were synthesized and studied, and full details can be found in Julie Cushen’s dissertation.12  
2.1.2.5 Small angle X-ray scattering (SAXS) 
SAXS data was taken on the PTMSS-PLA samples to determine whether the 
sample was ordered, and, if so, the bulk morphology and domain size/spacing of the 
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samples. The BCP samples were placed in an o-ring sandwiched by Kapton tape, and the 
samples were annealed at 160 °C for 30 minutes in air on a hot plate to give the BCP ample 
kinetic mobility and time to assemble in bulk. As determined by SAXS, PTMSS5.5-PLA3.7 
formed cylinders in bulk with a domain spacing of 12.1 nm. Given that the volume fraction 
of the PLA block was 36%, the expected structure is cylinders of PLA in a PTMSS matrix.  
2.1.3 -Parameter Characterization 
The chief area of interest in the characterization phase of this BCP was whether its 
 parameter would be increased as compared to PS-PLA or PS-PMMA, and if so, by how 
much. Therefore, Julie synthesized a disordered, symmetric sample of PTMSS-PLA to 
determine the  parameter using absolute scattering SAXS data fit to a modified version of 
Liebler’s mean field theory that accounts for polydispersity and segmental asymmetry.  
was an adjustable parameter in the fitting, and the best fit from data obtained at four 
temperatures produced the following temperature-dependent expression for :  
 = 51.3/T + 0.29      Equation 2.1 
Further details on the methodology and results can be found in Chapter 6 of Julie Cushen’s 
dissertation.12 
Importantly, the  parameter of PTMSS-PLA is significantly higher than that of 
PS-PLA, as hypothesized. At 25 C, the  parameter of PTMSS-PLA (0.46) is almost 
double that of PS-PLA (0.25), which is already much greater than the  of PS-PMMA at 
the same temperature (0.046). The high  of PTMSS-PLA relative to PS-PMMA implies 
that it can access features smaller than 10 nm, near the limit for forming PS-PMMA 
features; this makes PTMSS-PLA especially attractive as a potential material for BCP 
lithography. However, measuring the bulk feature size via  does not guarantee that the 
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BCP will be useful as an etch mask or well-behaved in thin films; therefore, thin film 
studies were performed to further assess the industrial usefulness of PTMSS-PLA. 
2.1.4 Thin Film Studies 
After synthesizing and characterizing the PTMSS-PLA samples, thin film studies 
were conducted to further evaluate their usefulness for patterning applications. As 
mentioned in Chapter 1, BCP lithography requires that the BCP act as an etch mask for the 
substrate underneath. For the best etch transfer results, BCPs should form perpendicular 
features in thin films first.  
There are many ways to perpendicularly orient BCPs in thin films, and two of the 
most popular and straightforward methods are thermal annealing and solvent annealing. 
Due to disparate length-scales in thin films, interfacial effects dominate the orientation of 
BCPs. Interfaces that are non-preferential to either BCP block are essential to perpendicular 
orientation, so thermal annealing is a great option for BCPs whose two block surface 
energies differ by a small amount, such as PS-PMMA. However, because PTMSS-PLA 
has a much higher  parameter than PS-PMMA, which is partially due to the increased 
chemical dissimilarity between the two blocks, thermal annealing PTMSS and PLA was 
not an option for this BCP. Therefore, we chose solvent annealing as the orientation 
strategy for this BCP. Top coats are another option for PTMSS-PLA, but at the time of 
these studies, the top coat orientation methodology was still being finalized. However, top 
coats later proved to be another method of perpendicularly orienting PTMSS-PLA.13 
In solvent annealing, solvent vapor can be used to mitigate the surface energy 
differences of the two blocks. If the correct annealing conditions are chosen, the solvent 
vapor creates an essentially non-preferential top surface and neutralizes the surface 
energies of the BCP at the free-interface, allowing for perpendicular orientation. There are 
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many parameters that can be varied in solvent annealing: annealing time and temperature, 
identity of solvent, vapor pressure, mixtures of multiple solvents, etc. The science (or art) 
of solvent annealing is an ongoing study both experimentally and computationally,14 but 
currently is still not well understood. The plethora of parameters available in a solvent 
annealing process results in a trial-and-error method to finding the best annealing 
conditions for a given BCP.  
Our initial solvent annealing strategy consisted of placing small scintillation vials 
of different solvents in a larger capped jar with the sample, which was PTMSS-PLA spin-
coated onto standard silicon wafers with a 2 nm native oxide layer (Figure 2.5). Later on 
these results were translated to more sophisticated solvent annealing equipment, but the jar 
method was a satisfactory method with which to screen a variety of solvent annealing 
conditions.   
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Figure 2.5  A picture of the solvent annealing apparatus for PTMSS-PLA orientation 
experiments conducted in the lab. An open scintillation vial containing the 
solvent of choice is placed in a closed jar with the thin film sample, and the 
solvent vapor interacts with the BCP. 
Many solvents were tested in this manner, including tetrahydrofuran, 
dimethylformamide, acetone, cyclohexane, chloroform, toluene, dichloromethane, 
methanol, benzene, anisole, pentane, n-hexane, acetic acid, isopropanol, mixtures of 
cyclohexane and acetone, and mixtures of tetrahydrofuran and water. These solvents were 
chosen to span a spectrum of polarities. The polar solvents, such as dimethylformamide, 
methanol, and water, were anticipated to preferentially swell the PLA block, while the 
nonpolar solvents, such as cyclohexane and pentane, were anticipated to preferentially 
swell the hydrophobic PTMSS. Lastly, good solvents for both blocks, such as acetone and 
tetrahydrofuran, were chosen to swell both blocks simultaneously. For every solvent except 
cyclohexane, the films dewet from the substrate within minutes. Serendipitously, the 
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cyclohexane samples not only did not dewet, but also annealed well, and a thin film 
evaluation of the BCP was possible.  
Once a suitable solvent was selected, the annealing time was varied to get a rough 
idea of the kinetics of orientation. PTMSS5.5-PLA3.7 formed PLA cylinders in a PTMSS 
matrix, and it took about 4 hours for the sample to transition from parallel cylinders to 
perpendicular cylinders, as shown in Figure 2.6. Perpendicular structures are preferable 
for ease of etch transfer, but etch transfer with parallel cylinders is possible.4 However, 
these samples were only imaged with top-down imaging techniques, so it was not possible 
to know whether the top interface orientation persists through the film from these images 
alone. 
 
Figure 2.6 PTMSS5.5-b-PLA3.7 after annealing with cyclohexane for a) 1h, b) 2h, c) 4h, 
and d) 24h. Reprinted with permission from [15]. Copyright 2012 American 
Chemical Society. 
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2.1.5 Other Studies 
Material synthesis, characterization, and thin film studies were my major 
contributions to the PTMSS-PLA project. Julie Cushen conducted many more detailed 
studies into this BCP, including island/hole and terracing studies to determine the through-
film BCP behavior, optimizing the solvent annealing conditions with a solvent annealing 
chamber during an internship at HGST, and demonstrating that solvent annealing had an 
unforeseen effect in increasing the effective  parameter of the BCP.12,14 She also proved 
that directed self-assembly techniques could be applied to PTMSS-PLA, demonstrating 2x 
and 3x density multiplication, as well as pattern transfer to the underlying substrate.12 
2.1.6 Complications with PLA 
Although PTMSS-PLA is an attractive BCP for many reasons enumerated 
heretofore, the PLA block brings with it many complications. First, PTMSS-PLA must be 
stored in a humidity-controlled environment. Due to the synthesis method, the PLA block 
is end-capped by a hydroxyl group, which can cause hydrolytic degradation.16 Next, the 
high degree of polarity in PTMSS-PLA causes it to swell in methanol, which is the 
preferred spin coating solvent for the polarity-switching top coats developed by my 
collaborators. Therefore, while the top coat strategy does work to orient PTMSS-PLA, it 
is not an ideal solution. Finally, the hydroxyl end group means that the polymer can 
potentially graft to native oxide, even through a polymer brush. Therefore, thermal 
annealing, such as the type that is required for implementing a top coat orientation strategy, 
is more complicated due to the necessity of selecting an appropriate crosslinked substrate 
surface mat that does not allow the BCP to graft through it. 
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2.2 POLY(TRIMETHYLSILYL STYRENE-BLOCK-ISOPRENE) (PTMSS-PI) 
Due to the complications of the PLA block detailed in the preceding section, we 
hoped to find a replacement block to pair with PTMSS while retaining the high  parameter 
of PTMSS-PLA. At around the same time that we were discovering the difficulties with 
PLA, Kim et al. published an interesting study on the effect of epoxidation of the isoprene 
block of poly(styrene-block-isoprene) (PS-PI) on surface energy and effective . Their 
study demonstrated that while the effective  of partially epoxidized PS-PI changed in a 
non-linear fashion based on the percent epoxidation, the surface energy of the PI block 
changed linearly with regard to percent epoxidation.17 This suggests that any BCP that 
contains isoprene as a block has some adjustability to both its  parameter and the window 
in which the two blocks will have similar surface energies, which also increases the chance 
of using thermal annealing as an orientation strategy. 
Drawing inspiration from the PS-PI study, we opted to replace the PS block with 
PTMSS in that system. From our studies with PTMSS-PLA, we saw that replacing the 
nonpolar block with an even more nonpolar block dramatically increased the  parameter, 
and we hoped that the same would hold true for PTMSS-PI. In addition, by replacing the 
labile PLA group, we hoped that thermal annealing with or without top coats could be used 
to orient the BCP. 
However, the polymerization of PTMSS-PI had unforeseen complications. As will 
be explained in detail below, the crossover from the first to the second block never occurred 
cleanly, and a PTMSS-PI BCP with the characteristic low dispersity of a living 
polymerization was never produced.  
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2.2.1 Experimental Methods 
2.2.1.1 Purification 
 Isoprene was purified by distilling twice over n-butyl lithium. TMSS was either 
synthesized as detailed earlier in this chapter or provided by Nissan Chemical (using the 
same synthesis procedure). TMSS was fractionally separated then distilled twice over di-
butylmagnesium. Cyclohexane was purified by distilling twice over n-butyl lithium (the 
column-based solvent dispense/purification system was being regenerated at the time). 
2.2.1.2 Anionic polymerization 
The synthesis of PTMSS-PI was attempted using anionic polymerization (Scheme 
2.3), as polymers and BCPs of both materials have been prepared with this technique 
(although the BCP of the two has never been reported). The initiation steps and synthesis 
of the PTMSS block proceeded in the same manner as for PTMSS-OH, but without end-
capping with ethylene oxide. Instead, an aliquot was taken from the reactor after letting the 
PTMSS block propagate overnight. The freshly purified isoprene monomer was then added 
to the reactor. The reactor steadily lost the orange color over the next 3-4 hours, but it was 
still faintly colored 7-8 hours after adding the isoprene block. The isoprene block was 
allowed to propagate overnight, and by the next morning, the reaction was clear, the 
expected color of the isoprene carbanion.  Degassed methanol was added to the reactor to 
terminate the reaction. 
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Scheme 2.3  Synthesis of PTMSS-PI using anionic synthesis in cyclohexane. 
2.2.2 Results and Discussion 
The crossover from PTMSS to PI was not successful, as shown in Figure 2.7. The 
first block, PTMSS, was able to be initiated and propagated as expected, as evidenced by 
the single narrow peak in the SEC trace. However, the BCP produced from this good first 
polymer had a very high dispersity index of over 1.3 on every synthesis attempt. In 
addition, the shoulder or in some cases second peak in the SEC trace showed that a large 
fraction of the PTMSS block did not initiate the isoprene block at all. The high dispersity 
and large component of PTMSS homopolymer in the resulting BCP would have affected 
the bulk and thin film behavior of the BCP significantly, making it impossible to make 
accurate comparisons between PTMSS-PI and the other polymers studied by the group. 
Therefore, these polymers were ultimately abandoned as a candidate for making templates 
for BPMR.  
1. s-BuLi
2. Isoprene
CHX
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Figure 2.7  Representative SEC traces for PTMSS-PI polymerization attempts. The blue 
traces are the PTMSS aliquots, which polymerized as expected. However, 
the isoprene block was never cleanly initiated from the first PTMSS block. 
The red traces are the resulting BCPs, which sometimes had a shoulder and 
sometimes had a second peak at the elution volume of the aliquot, indicating 
the presence of a large fraction of PTMSS homopolymer. 
My hypothesis for this crossover failure is that the TMSS anion is not reactive 
enough to initiate the isoprene block. Because the TMS group acts as an electron 
withdrawing group, its anion is more stable and less reactive than that of styrene.18 In 
addition, isoprene has been shown to be slow to initiate in cyclohexane, even by a reactive 
butyl lithium anion.19 The main reason anionic polymerization results in low dispersity 
polymers is because the initiation step is typically designed to take place almost 
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instantaneously compared to the rate of polymerization. The slow isoprene initiation 
accounts for the dispersity observed in the BCP. This hypothesis is qualitatively reinforced 
by the observation that the orange color indicative of the TMSS anion fades slowly over 
several hours after the addition of isoprene. If the initiation of isoprene is slow enough, it 
is likely that some TMSS polymers do not initiate any isoprene growth before the 
propagating chains consume the isoprene monomer, resulting in PTMSS homopolymer 
recovered after the reaction is terminated.  
After being unable to synthesize PTMSS-PI by growing the PTMSS block first, the 
experiment was conducted where the PI block was first synthesized, followed by PTMSS 
addition. Isoprene has a similar pKa value to styrene, so polyisoprenyllithium could 
potentially be more reactive than TMSS and initiate this polymerization. Therefore, the 
isoprene anion should be able to initiate the TMSS block more cleanly and effectively than 
vice versa. However, as shown in Figure 2.8, this method also did not work. 
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Figure 2.8  Representative SEC traces for PI-PTMSS polymerization attempts, wherein 
the PI block was polymerized first. The blue traces are the PI aliquots, 
which polymerized mostly as expected. As can be seen from the left trace, 
isoprene sometimes coupled during the reaction. The red traces are the 
resulting BCPs, which sometimes had a shoulder and sometimes had a 
second peak at the elution volume of the aliquot, indicating the presence of a 
large fraction of PI homopolymer. This is indicative of the isoprenyl ion 
being unable to initiate TMSS effectively. 
The crossover from the PI block to TMSS did not occur as expected, either. From 
my observations of the reactor as the TMSS was added, some degree of TMSS initiation 
proceeded readily. The reactor changed from clear to an orange color immediately when 
the TMSS monomer was added. However, the orange color faded steadily over the next 
few hours. This suggests that either trace impurities remaining in the TMSS monomer 
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eventually terminated the living ends (unlikely since PTMSS was readily made via the 
same method), or some side-reactions occurred in this system. The polymerization was also 
attempted in THF (purified by distilling twice over n-butyllithium) to try a different 
reaction system, but these attempts were also unsuccessful, as shown in Figure 2.9. As a 
final control test, PS-PI was polymerized using the exact same procedure, equipment, and 
reagents in cyclohexane. As shown in Figure 2.10, this classic reaction was able to proceed 
as expected. Therefore, the cause of the polymerization failure is inherent in the TMSS and 
isoprene interaction. Rather than attempting to elucidate the cross-over failure 
mechanisms, attention was focused on other candidate BCP polymers, which will be 
detailed in the following chapters. 
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Figure 2.9 Anionic polymerization of PTMSS-PI in THF at -78 C. (a) The resulting 
SEC trace, where the blue trace is the aliquot taken just before adding 
isoprene and the red trace is the BCP. As indicated by SEC, the PTMSS 
block did not initiate any isoprene growth. (b) 1H NMR of the BCP (the red 
trace in (a)), and the lack of a peak at 5.1 confirms that no isoprene growth 
was initiated from the PTMSS block. 
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Figure 2.10 SEC trace of PS-PI polymerized in cyclohexane using the same procedure, 
equipment, and reagents as for the failed PTMSS-PI and PI-PTMSS 
experiments. The blue trace is the PS aliquot, and the red trace is the PS-PI 
BCP. This control experiment indicates that there is not an intrinsic flaw to 
the procedure, glassware, or reagents; rather, the interaction between TMSS 
and isoprene caused the crossover failures. 
2.3 CONCLUSIONS 
PTMSS-PLA offers many lithographic advantages over PS-PMMA, and its 
usefulness as a candidate for BPMR was demonstrated. However, the PLA block suffers 
from polymer instability due to the reactive hydroxyl terminus, which precludes most 
thermal annealing routes. Inspired by this work and work in the field, PTMSS-PI was 
investigated as another possible silicon-containing BCP that does not contain a reactive 
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end group. The possibility of epoxidation of PTMSS-PI was especially attractive because 
it allows for control over the surface energy of the BCP, thereby increasing the chance that 
some form of epoxidized PTMSS-PI could be oriented through thermal annealing. 
However, despite its theoretical promise, the synthesis of PTMSS-PI was ultimately not 
successful, so no thin film studies were possible. In the next chapter, another BCP similar 
to PTMSS-PLA, poly(pentamethydisilyl styrene-block-ethyl glycolide) (PDSS-PEGL) is 
introduced. The BCP was chosen for its wildly different surface energies which enables 
high χ and small feature sizes, but ultimately proved difficult to work with, presumably 
due to residual synthesis reagents.  
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Chapter 3: Poly(pentamethyldisilyl styrene-block-ethyl glycolide) 
(PDSS-PEGL) 
As mentioned in Chapter 2, the lactide block was not an ideal component of a 
silicon-containing BCP due to the processing difficulties it introduced. In this chapter, a 
potentially improved version of PTMSS-PLA is reported, poly(pentamethyldisilyl styrene-
block-ethyl glycolide) (PDSS-PEGL). Poly(ethyl glycolide) is more stable than 
poly(lactide) and no hydrolysis has been observed or reported within this polymer. In 
addition, pentamethyldisilyl styrene (DSS) possesses one more silicon atom per repeat unit 
compared to TMSS, which should further increase etch resistance favorably. In 
combination, I hoped that this BCP would perform equally as well or better than PTMSS-
PLA.  
This chapter will detail the synthesis and characterization of PDSS-PEGL and 
evaluate its candidacy for perpendicular orientation using a top coat strategy. Within the 
first few thin film experiments, it was obvious that this BCP interacted unexpectedly with 
top coats, causing unprecedented cracks to form in the top coat upon thermal annealing. 
The majority of this chapter will be spent describing and elucidating the cause behind the 
cracks, including multiple control experiments to rule out possible causes. In the end, the 
interaction between a small molecule used in the synthesis of the BCP, the BCP, and the 
maleic anhydride content of the top coat was pinpointed as the cause of the cracks. 
3.1 TOP COAT ORIENTATION STRATEGY 
A major drawback to PTMSS-PLA was its thin film processing challenges. While 
solvent annealing was effective in orienting the BCP in thin films, it is not an ideal 
orientation strategy in manufacturing. First, the use of solvents should be minimized in 
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industrial fabrication processes due to concerns of contamination and toxicity, and the 
expense of recovering volatilized solvent. Secondly, optimizing a solvent annealing 
strategy is most often an empirical process, although more fundamental understanding of 
this kind of processing is emerging every day. Thirdly, commercial scale solvent annealing 
processing equipment does not presently exist. Therefore, it is preferable if a non-solvent 
dependent annealing process can be used.  
However, high  BCPs, which are required to form the smallest features, typically 
combine two highly chemically incompatible blocks,1–3 which poses a challenge for 
perpendicular orientation in thin films. Perpendicular orientation requires that the two 
blocks equally prefer both the top and bottom interfaces such that one block does not 
preferentially wet either interface. Substrate (bottom) interface neutralization is relatively 
straight-forward, and selecting a polymeric mat or brush random copolymer composed of 
the two components of the BCP can usually result in a neutral surface. Substrate 
neutralization is trivial because the surface neutralization treatment (SNT) is spin coated 
onto a bare substrate and either crosslinked or grafted prior to applying the BCP layer.4,5 
Therefore, when the BCP solution is spin coated, the solvent in which the BCP is solvated 
cannot also dissolve the underlying SNT. 
My collaborators developed a strategy, so-called top coats, that can neutralize the 
air interface and allow the same principle to be applied to the top interface.6 Before this 
innovation, attempts to use a SNT on top of the BCP thin film failed because the same 
solvents that deposited the neutral top interface would necessarily also dissolve the BCP 
thin film. This is because a “neutral” material necessarily has a surface energy between 
that of the two blocks of a BCP and consequently “neutral” materials are usually 
dissolvable in solvents that also dissolve the BCP, preventing formation of discrete layers. 
The innovative top coat strategy developed by my collaborators utilizes a ring-opening 
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monomeric compound, maleic anhydride (MA), which can switch upon heating from a 
polar, ring-opened form that can be dissolved in methanol or aqueous base to a less polar, 
ring-closed form (Figure 3.1). Because the ring-opened form can be dissolved in methanol 
or aqueous base, in which our BCPs of interest do not dissolve, the top coat can be applied 
directly on top of an existing BCP film. By judiciously choosing the alternating copolymer 
composition with the maleic anhydride component, the surface energy of the ring-closed 
form can be tailored to be neutral for a BCP.  
 
Figure 3.1  Maleic anhydride (blue) can be ring-opened with aqueous trimethylamine, 
and the ring-opened form (red structure) can be dissolved in methanol. Upon 
heating the ring-opened form, maleic anhydride will revert back to a ring-
closed, less polar form (green). Reprinted with permission from [7]. 
Copyright 2014 American Chemical Society. 
The top coat (TC) orientation process, shown in Figure 3.2, is an extension of 
thermal annealing.6,7 With the addition of a few more spin coating and heating steps, 
solvent annealing can be entirely foregone. The optimization process is simplified with top 
coats because there are specific parameters that may be tuned to achieve perpendicular 
orientation, such as adjusting the copolymer composition. 
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Figure 3.2  Top coat process flow. The crosslinked or grafted SNT is applied and 
immobilized, and then the BCP thin film is spin coated on top. Next, the 
polar (ring-opened) top coat (TC) is spin coated out of a polar solvent that 
does not dissolve the BCP. Then, the film stack is annealed to ring close the 
TC making the top coat less polar and, ideally, rendering it neutral for the 
BCP. At the same time, the BCP is perpendicularly oriented. After, the TC 
is stripped off using an aqueous base, revealing the perpendicularly oriented 
BCP. One block of the BCP can then be selectively removed, leaving the 
remaining block as an etch mask. Adapted from [8]. 
3.2 EXPERIMENTAL METHODS 
3.2.1 PDSS-OH synthesis 
PDSS-PEGL was synthesized in a two-step reaction in the same manner as PTMSS-
PLA. DSS monomer was synthesized through a Grignard reaction and purified by 
distillation twice over di-butylmagnesium by Yusuke Asano. PDSS-OH was synthesized 
by anionic polymerization in -78 C THF. PDSS-OH was initiated by sec-butyllithium and 
end-capped by ethylene oxide. The resulting macroinitiator was precipitated in methanol 
and characterized by size exclusion chromatography (SEC), nuclear magnetic resonance 
(NMR), and matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 
(MALDI). 
3.2.2 PDSS-OH characterization 
The molecular weight of PDSS-OH was determined through three methods: SEC, 
NMR (Figure 3.3), and MALDI (Figure 3.4). Of the three methods used to determine 
Neutral	SNT
Neutral	SNT Neutral	SNT
Neutral	SNT Neutral	SNT
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molecular weight, the most accurate theoretically is MALDI, and the least accurate is 
NMR. SEC data was collected after determining dn/dc for each sample separately to 
generate absolute molecular weights. SEC and MALDI data agree well, and each sample 
is named as PDSS-OHMW where the subscript is the number average molecular weight in 
kg/mol as determined by SEC. Molecular weight dispersity, Đ, was determined from SEC 
and MALDI. Two PDSS-OH samples were synthesized, and their characterization details 
are listed in Table 3.1.  
 
 
Figure 3.3 1H NMR spectrum for PDSS-OH5.1, where the subscript refers to the 
number average molecular weight of the sample in kg/mol as determined by 
SEC. The peaks are assigned as shown.  
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Figure 3.4 MALDI data for PDSS-OH5.1. 
 
  
Table 3.1  Characterization data for PDSS-OH. 
3.2.3 PDSS-PEGL synthesis 
The PEGL block was added to the PDSS-OH macroinitiator by my collaborator at 
the University of Minnesota, Leo Oquendo from the Hillmyer group. The synthesis scheme 
is shown below as Scheme 3.1. PDSS-OH (0.4 g, 0.075 mmol) was placed in an oven-
dried Schlenk flask equipped with a magnetic stir bar. The flask was flame dried 3 times 
and the polymer was allowed to be under vacuum overnight. The next day the flask was 
brought in the glove box. Ethyl glycolide (0.62 g, 3.58 mmol), dry dichloromethane (3 mL) 
and DBU (0.075 mL, 0.0755 mmol) were added to the flask containing PDSS-OH. The 
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reaction was stirred at room temperature for 1 hour, then 0.5 mL of a 0.3 M solution 
containing benzoic acid in dichloromethane was added. The polymer was precipitated in 
cold methanol (3 times), filtered, and dried at room temperature under vacuum for 48 hours. 
 
Scheme 3.1  Synthesis of PDSS-PEGL from PDSS-OH macroinitiator. 
3.2.4 PDSS-PEGL characterization 
The characterization of two PDSS-PEGL BCPs was performed at the University of 
Minnesota and is included below in Table 3.2. The volume fraction and number average 
molecular weight of the PEGL block and the BCP were determined by 1H NMR relative to 
the absolute molecular weight of PDSS-OH using the mass densities of 0.91 g/cm3 for 
PDSS and 1.09 g/cm3 for PEGL. Molecular weight dispersity was determined by SEC 
(Figure 3.5). The decomposition temperature, Td, was defined as the temperature at which 
5% of the original polymer mass was lost (Figure 3.6). Glass transition temperatures, Tg, 
were recorded from the second heat at 5 C/min on a differential scanning calorimeter 
(DSC) (Figure 3.7). Due to the small amount of BCP synthesized at Minnesota (under 500 
mg each), SAXS studies for L0 characterization were not performed. 
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Table 3.2.  Characterization of PDSS-PEGL BCPs. 
 
Figure 3.5 SEC trace used to determine the molecular weight dispersity of PDSS4.8-
PEGL8.9 (red line). The PEGL added cleanly to the PDSS-OH macroinitiator 
(black line) as indicated by the sharp red peak that shifted uniformly from 
the macroinitiator. 
BCP
Mn,	PDSS	
(kg/mol)
Mn,	PEGL	
(kg/mol)
Mn, BCP	
(kg/mol)
fPDSS Đ Td (°C)
Tg,	PDSS	
(°C)
Tg,	PEGL	
(°C)
PDSS4.8-PEGL8.9 4.8 8.9 13.7 0.55 1.02 302 63 20
PDSS5.1-PEGL10.0 5.1 10.0 15.1 0.52 1.01 324 67 20
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Figure 3.6 Thermogravimetric analysis of PDSS4.8-PEGL8.9 determined that the Td of 
this BCP was 302 C in air. 
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Figure 3.7 Differential scanning calorimetry data of PDSS4.8-PEGL8.9 used to 
determine the Tgs of each block. 
3.2.5 PEGL homopolymer synthesis 
PEGL homopolymer was also synthesized at the University of Minnesota. Ethyl 
glycolide (1g, 6 mmol) was added to a flame-dried Schlenk flask equipped with a magnetic 
stir bar and brought inside the dry box. Dry toluene (7 mL) and tin(II) 2-ethylhexanoate (8 
mg, 0.02 mmol) were added to the flask. The flask was sealed and removed from the dry 
box, placed into a preheated oil bath (130 °C), and left under continuous stirring for 40 
min. After this time, the system was removed from heating, and the polymer was 
precipitated 3 times into methanol to remove residual monomer and catalyst. The polymer 
was dried under vacuum for 2 days at room temperature. 
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3.2.6 Thin film island/hole test methods 
Thin film experiments to select for suitable SNTs were conducted by first spin 
coating the SNT on a silicon substrate. The vast SNT library available was synthesized by 
various members of the group, and many combinations of random copolymers are 
available. For the experiments detailed here, a series of poly(t-butylstyrene-random-methyl 
methacrylate-random-vinylbenzyl azide) P(t-BuSty-MMA-VBzAz) random copolymers 
was used, each containing 5-6 mol% vinylbenzyl azide and varying concentrations of t-
BuSty and MMA. The azide acted as a crosslinking group, and each SNT was annealed at 
250 C for 5 mins to form the crosslinked mat. The BCP of interest was then spin coated 
on top of the SNT mat and annealed in air at 175 C for 5 mins, and the sample was imaged 
with optical microscopy. 
Thin film experiments to select for suitable TCs were conducted in a similar 
manner. As with the SNTs, a vast library of TC options exists. There are many “families” 
of TCs with different chemical components, so each TC used will be detailed as it is 
introduced. A BCP thin film was spin coated on a substrate, and the TC was spin coated 
on top. The film stack was annealed at a temperature between the Tgs of both blocks of the 
BCP and the Tg of the TC for 5 mins to ensure that the BCP had enough kinetic mobility 
to assemble into islands or holes without fear of mixing with a liquefied TC, the importance 
of which will be discussed in the next section.  
3.3 THIN FILM EXPERIMENTS 
After synthesis and characterization, thin film studies were performed to identify 
an appropriate SNT and TC that would enable the perpendicular orientation of each BCP. 
As mentioned before, a major advantage of the TC method for BCP domain orientation 
lies in the systematic approach that can be taken when selecting neutral conditions. For 
solvent annealing, each set of parameters can only be analyzed after completing the 
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experiment, and each evaluation result only reports that the conditions worked or did not 
work. With the TC method, island/hole (I/H) tests9 can be performed to select the neutral 
SNT and TC separately, and I/H tests direct subsequent experiments (such as increasing or 
decreasing the polarity of the surface being tested). In addition, I/H tests can be conducted 
simply with a spin coater and hot plate, and the features can be easily observed using an 
optical microscope. 
3.3.1 Using I/H tests to determine interface neutrality 
In the absence of neutral interfaces, BCP thin films will reorganize upon thermal 
annealing to adopt a thickness commensurate with its L0, or natural bulk domain 
periodicity.10 When a BCP thin film of incommensurate thickness (i.e., a film not n or (0.5 
+ n) L0 thick) is spin coated on a preferential substrate, the BCP film will develop into 
quantized 0.5nL0 thicknesses upon annealing, as shown in Figure 3.8. If the majority of 
the annealed film is at nL0 with a minority of the film at (n+1)L0, then islands are formed. 
Conversely, if a minority of the film is at (n-1)L0, then holes are formed. It is important to 
note that I/H features only form when one interface exhibits preferential wetting, driving 
parallel orientation. These island and hole features can be easily identified using an optical 
microscope, where raised regions (islands) appear darker in color and depressed regions 
(holes) appear lighter in color. 
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Figure 3.8 I/H tests for a BCP thin film with an initial spin coated thickness of 1.25 L0. 
Here, the nonpolar red block prefers to wet the top air interface, and the 
BCP exhibits either symmetric (substrate also prefers red block) or 
asymmetric (substrate prefers blue block) wetting behavior upon annealing. 
As demonstrated, knowing the wetting preference of the top interface and 
the initial film thickness, the relative surface energy of the substrate is 
known depending on whether islands or holes are formed. Figure adapted 
from [8]. 
A SNT can be systematically determined by knowing the wetting behavior of the 
top interface. When air is the top interface, the nonpolar block of the BCP is assumed to 
wet the surface of the BCP upon thermal annealing. Thus, knowing the spin coated thin 
film thickness, the L0 of the BCP, and the presence of islands or holes dictates which block 
is wetting the substrate. This information indicates whether the substrate SNT is too polar 
or nonpolar, and SNT composition adjustments can be made accordingly. If a subsequent 
SNT exhibits the opposite behavior, then the SNT composition has been adjusted too far 
in the other direction, and the neutral state lies somewhere in between. In this manner, a 
SNT can be selected with a minimum of trial and error. 
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 In an analogous manner, a TC can be selected for each BCP system. An interesting 
phenomenon is that TCs can deform to “stretch” over underlying islands and holes, despite 
the annealing temperature being below the Tg of the TC. In this case, if the wetting behavior 
of the bottom interface is known, the wetting behavior of the TC can be deduced. A neutral 
TC can be identified by testing a series of TCs with slightly varied compositions and 
looking for a switch between islands and holes. 
After a neutral SNT and TC are identified, the two can be used together to 
perpendicularly orient the BCP using the process flow in Figure 3.2. Atomic force 
microscopy (AFM) or scanning electron microscopy (SEM) can be used to confirm 
orientation. 
3.3.2 Control tests: is PEGL more robust than PLA? 
Two control tests were performed with PDSS4.8-PEGL8.9 to ensure that PEGL did 
not have the same drawbacks as PLA. As mentioned in the previous chapter, the methanol 
used to dissolve the TCs swelled the PLA block. To test whether methanol had the same 
effect on PDSS-PEGL, the BCP was spin coated on a silicon substrate, and its film 
thickness was measured using spectroscopic ellipsometry to be approximately 20 nm. 
Afterwards, methanol was spin coated on the BCP, and the film thickness was again 
measured. No appreciable film thickness difference (always less than 0.2 nm) was observed 
for the three samples tested in this manner, confirming that methanol did not swell the 
BCP. The optical micrographs in Figure 3.9 corroborate that no deformation of the BCP 
thin film had occurred. 
 100 
 
Figure 3.9 10x and 100x optical micrograph images of PDSS4.8-PEGL8.9 after methanol 
was spin coated on it. The uniform interference color across the two 
micrographs demonstrates that the thin film was not destroyed or deformed 
by methanol. The dark spot in the 100x micrograph is a dust particle. 
Another concern was whether the PEGL group would graft to the silicon substrate 
like PLA. To test this, a 23.7 nm film of PDSS4.8-PEGL8.9 was spin coated on a silicon 
substrate and heated at 165 C for 10 minutes, double the usual annealing time. As 
confirmed by optical microscopy (Figure 3.10), holes developed in the thin film. After this 
thin film was rinsed with THF, the film thickness was measured to be 0 nm by ellipsometry, 
and optical microscopy also confirmed that the smooth silicon substrate was recovered. 
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Figure 3.10 PDSS4.8-PEGL8.9 after annealing at 165 C for 10 minutes formed holes on 
silicon substrate (left). After rinsing with THF, the thin film was easily 
rinsed off, leaving nothing grafted to the silicon (middle). An image of the 
edge of the wafer shows no iridescent colors indicative of a thin film (right).  
3.3.1 Substrate neutralization 
Although I was not able to determine the bulk domain spacing, L0, from SAXS due 
to lack of suitable material quantities, the islands and holes formed during I/H testing are 
for the most part quantized to 1 L0. From AFM scans of the I/H tests, the smaller sample, 
PDSS4.8-PEGL8.9, formed 11 nm I/H and the larger sample, PDSS5.1-PEGL10.0, formed 12.5 
nm I/H, signifying that the domain spacings (L0) of these BCPs are 11 nm and 12.5 nm, 
respectively. It is necessary to establish L0 for each BCP first because specific thicknesses 
are targeted during I/H tests. 
Next, the wetting behavior of PDSS-PEGL at both the air and silicon interfaces was 
determined. As shown in Figure 3.11, PDSS-PEGL exhibited asymmetric wetting when 
the island-hole test was performed on a silicon substrate with the nonpolar block, PDSS, 
wetting the air interface and the polar block, PEGL, wetting the silicon interface. 
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Figure 3.11 I/H test on a silicon wafer for PDSS4.8-PEGL8.9 confirmed that the BCP 
exhibits asymmetric wetting behavior. The top row is the film thickness of 
each sample, the second row is the equivalent L0, and the third row is the 
type of features formed. 
 Next, neutral SNTs were found for each BCP. Each BCP was spin coated on a series 
of SNTs containing varying amounts of t-BuSty (as specified in Figure 3.12), with 5-6 
mol% VBzAz as crosslinker, and MMA making up the balance of the SNT. As the SNT 
surface energy changes, the wetting behavior of the bottom interface eventually changes 
from asymmetric to symmetric wetting. At the crossover from asymmetric to symmetric 
wetting is a neutral SNT that produces a flat film or a film with islands and holes that are 
the height of 0.5 L0, which shows up on optical micrographs as lighter colored features.  
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Figure 3.12 Using I/H tests to determine a neutral SNT for each PDSS-PEGL BCP. The 
initial film thickness of PDSS4.8-PEGL8.9 was about 2.3 L0 and the initial 
film thickness of PDSS5.1-PEGL10.0 was about 1.7 L0. Each sample was 
annealed at 165 C in air for 5 mins before imaging. 
3.3.2 Top interface neutralization 
After identifying neutral SNTs for the two BCPs, the next step was to identify 
neutral TCs. Knowing that the PEGL block will preferentially wet the silicon substrate 
allows for identification of the TC in an analogous manner to the SNT. It should be noted 
that TCs will not form islands and holes on all BCPs for reasons that are still not clear, but 
it fortuitously happened to do so for PDSS-PEGL. From here on in this chapter, the BCP 
used is PDSS4.8-PEGL8.9 unless otherwise stated. 
Due to the vast array of TCs available for testing, the first few were chosen at 
random to provide an initial survey. However, in addition to observing islands and holes, 
a mysterious “cracking” behavior was exhibited for all the TCs, as shown in Figure 3.13. 
Aside from being unprecedented, this cracking behavior is deleterious because it is difficult 
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to ascertain how the BCP underneath is changing in thickness. Without knowledge of the 
BCP film thickness, it is impossible to analyze the I/H data. In many samples, there were 
patches of both islands and holes, as shown in Figure 3.14, seeming to indicate that the 
BCP thin film was no longer uniform in thickness.  
 
Figure 3.13 Cracking behavior for various TCs over PDSS4.8-PEGL8.9  annealed at 165 
C in air for 5 mins. All percentages are mole percent of the monomer in the 
TC. Di-t-BuSty is di-tert-butylstyrene and MA is maleic anhydride. Images 
are all optical micrographs taken at 10x magnification with dimensions of 
1.2 mm x 1.6 mm. 
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Figure 3.14 Example of a TC exhibiting strange I/H behavior on a cracked sample. The 
TC was CB3-33 (48 mol% styrene, 52 mol% MA) on PDSS4.8-PEGL8.9  on 
bare silicon  annealed at 165 C in air for 5 mins. Image is an optical 
micrograph taken at 100x magnification with dimensions of 120 m x 160 
m. 
It is interesting to note that when the BCP was spin coated on top of any TC and 
annealed, no cracking was observed. However, this is not a solution to the cracking 
problem because there needs to be a TC on top of the BCP to mitigate the top interface 
surface energy. In addition, there is much greater uncertainty about the thickness of the 
BCP film when it is spin coated on top of a TC, and a few nanometers can make a crucial 
difference in the interpretation of I/H data when the L0 is so small. For example, for 
PDSS4.8-PEGL8.9, a measurement of 21 nm would be just under 2 L0, while a measurement 
of 23 nm would be just over 2 L0, and observed holes at 21 nm would indicate the opposite 
wetting behavior as observed holes at 23 nm. However, because having the TC underneath 
mitigated the cracking, it was hypothesized that having an organic layer underneath PDSS-
PEGL might prevent cracking. Unfortunately, as shown in Figure 3.15, a film stack of TC 
on BCP on SNT on silicon still resulted in cracking. This sample was annealed at 165 C 
for a mere 5 seconds. 
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Figure 3.15 Optical micrograph of a cracked TC on PDSS-PEGL on crosslinked PS after 
annealing at 165 C for 5 seconds. Micrograph is 1.2 mm x 1.6 mm. 
After this, a variety of control experiments were performed to probe many variables 
including the effects of TC thickness, annealing time, spin coating solvent, soft bake, and 
whether the annealing process was causing the BCP to graft to each other or to the TC. To 
keep results consistent and comparable, PDSS4.8-PEGL8.9 and the TC CB3-33 (52% MA, 
48% Sty) were used for all control experiments.  Figure 3.16 shows the effect of TC 
thickness on the cracking behavior in a series of AFM scans. As shown, the islands on the 
ledges (light grey areas) and the holes in the cracks (dark grey and black regions) did not 
change with changing TC thickness. Figure 3.17 shows the effect of annealing time on 
crack behavior when annealed in air at 165 C. Once again, there was no effect on the 
cracking behavior. Figure 3.18 shows thin film behavior of two different casting solvents 
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for the BCP, toluene (an aromatic solvent) and methyl isobutyl ketone (MIBK) (a ketone). 
While there are some qualitative differences in the way the spin coated films looked, the 
cracking behavior persisted regardless of the solvent. Figure 3.19 shows the results from 
applying a soft bake to the film stack before more aggressive annealing to relieve any stress 
that may exist in the films. Again, the cracking behavior was present after a soft bake. 
Finally, DSC and SEC experiments were performed to rule out the possibility of BCP 
crosslinking and BCP reacting with TC. To perform these experiments, DSC aluminum 
pans were filled with BCP and TC and annealed in either air or nitrogen at 165 C for 10 
minutes, twice the length of the typical annealing time. After removal from the DSC, the 
samples were dissolved in THF and run through the SEC. As shown in the SEC traces in 
Figure 3.20, the lack of a shoulder on the left side of each trace means that the SEC was 
unable to detect any crosslinking or grafting. In summary, TC cracking occurred in all of 
the basic control experiments. 
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Figure 3.16 AFM images and topography profiles of four samples of PDSS4.8-PEGL8.9 
with varying thicknesses of TC (CB3-33, 52% MA, 48% Sty) after 
annealing in air 165 C for 5 minutes. Each AFM image is 90 m x 90 m. 
The cracking behavior was unaffected by the TC thickness. 
 
Figure 3.17 AFM images and topography profiles of four samples of PDSS4.8-PEGL8.9 
with CB3-33 (52% MA, 48% Sty) after annealing in air 165 C for various 
times ranging from 10 sec to 3 mins. Cracking was evident in all samples 
regardless of annealing time. Each AFM image is 90 m x 90 m. 
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Figure 3.18 Optical micrographs of samples of PDSS4.8-PEGL8.9 with CB3-33 (52% 
MA, 48% Sty) spin coated out of either toluene or MIBK. The cracking 
behavior persisted regardless of the polarity of the BCP spin coating solvent. 
10x micrographs are 1.2 mm x 1.6 mm and 100x micrographs are 120 m x 
160 m. 
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Figure 3.19  (a) Optical micrograph after application of the BCP film and a 10 s 100 C 
soft bake in air. (b) Optical micrograph of TC deposited on the film in (a) 
and soft baked at 100 C for 10 s in air. (c) Optical micrograph of the film 
stack in (b) after 1 minute at 165 C in air. Each micrograph is 1.2 mm x 1.6 
mm. 
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Figure 3.20  SEC curves of BCP and TC after annealing in the DSC.  (a) The black curve 
corresponds to the BCP annealed under nitrogen, an inert atmosphere. The 
purple curve corresponds to the BCP and the TC being annealed in air 
together, simulating the actual annealing conditions. The green curve 
corresponds to the BCP annealed under air, and the red curve corresponds to 
the BCP as received, before any annealing. (b) All four curves from (a) 
collapsed together shows that the BCP did not change under of the 
annealing conditions. 
After exhausting those control tests, I looked back to PTMSS-PLA, the BCP that 
inspired PDSS-PEGL. PTMSS-PLA was the closest analogue available to us, and I was 
curious as to whether the cracking behavior is due to the lactide-like block. This was 
unlikely because PTMSS-PLA had been oriented using TCs before, but these experiments 
were carried out to confirm these new TCs behaved as expected. As shown below in Figure 
3.21, PTMSS-PLA indeed did not exhibit any cracking behavior after annealing with a TC. 
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The TC used in this study was also CB3-33 (52% MA, 48% Sty), the same TC used for the 
control experiments above.  
 
 
Figure 3.21  Lamellae-forming PTMSS-PLA spin coated out of toluene and MIBK. CB3-
33 was the TC used, and the samples were annealed at 165 C for 5 min in 
air. The optical micrographs, despite having microstructures, show no 
indication of cracking. 10x micrographs are 1.2 mm x 1.6 mm and 100x 
micrographs are 120 m x 160 m. 
 
The PTMSS-PLA results suggest that the culprit is inherent either in the PDSS-
PEGL BCP or in the BCP’s interaction with TCs. The PDSS block should not be a problem 
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because TCs have been used to perpendicularly orient many other PDSS-containing BCPs.3 
To verify this, I spin coated TC on top of PDSS-PEGL annealed in air. As mentioned in 
the previous section, the PDSS block selectively wets the top interface when annealed in 
air, so annealing before applying TC means that the TC should only be in contact with the 
PDSS block. As shown in Figure 3.22, the film still cracked. One hypothesis is that the 
PDSS block was too thin to screen the effects of the underlying PEGL block from the TC,11 
so the next test involved TC on PEGL homopolymer. 
 
 
Figure 3.22 Optical micrographs of PDSS-PEGL as cast on silicon wafer, PDSS-PEGL 
annealed at 165 C for 5 mins to wet the air interface with PDSS, TC (CB3-
33) spin coated on top of annealed PDSS-PEGL, and annealed PDSS-PEGL 
with TC annealed at 165 C for 5 mins. As shown the final film still 
cracked. 10x micrographs are 1.2 mm x 1.6 mm and 100x micrographs are 
120 m x 160 m. 
The interaction between PEGL homopolymer and CB3-33 was investigated next. 
Two PEGL homopolymers with varying molecular weights (8.6 kg/mol and 25.8 kg/mol) 
were supplied to us by the University of Minnesota. As shown in Figure 3.23, the PEGL 
homopolymers remarkably did not crack with TC on top. However, the BCP did crack 
under identical conditions.  
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Figure 3.23  The interaction between PEGL homopolymer and CB3-33 was investigated. 
Neither of the PEGL homopolymers showed cracking while PDSS-PEGL 
did after annealing at 165 C for 5 mins in air. Each optical micrograph is 
10x magnification with dimensions of 1.2 mm x 1.6 mm. 
After ruling out that both the PDSS and PEGL blocks could not be the source of 
the problem, I turned to the TC to look for clues. Most of the TCs in the group’s library 
have 50 mol% maleic anhydride while the other 50 mol% is composed of various styrenic 
moieties because maleic anhydride and styrene undergo essentially alternating 
copolymerization. Thus, all of the TCs used so far have been roughly 50 mol% MA.  To 
test the effect of MA on the thin film behavior, I looked at series of TCs with varying 
amounts of MA, as detailed in Table 3.3. These TCs are still composed of approximately 
50 mol% of a styrene-based moiety, t-butyl styrene, and the balance is cyclohexyl 
maleimide. As shown in Figure 3.24, both MM3-188 and MM3-189, the two TCs with the 
lowest amounts of MA, did not crack upon annealing. Because MM3-189 had fewer defects 
after annealing, this TC was used in subsequent experiments and is referred to as the “good” 
TC. 
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Table 3.3.  Series of TC with varying ratios of maleic anhydride and cyclohexyl 
maleimide copolymerized with t-butyl styrene. 
 
Figure 3.24  Thin film studies of the TCs detailed in Table 3.3. Films were annealed at 
165 C for 5 mins in air. 10x micrographs are 1.2 mm x 1.6 mm and 100x 
micrographs are 120 m x 160 m. 
One possible physical explanation for the apparent MA content dependency is that 
different concentrations of MA led to very different thermal expansion coefficients (TEC), 
and drastically mismatched TECs between the BCP and TC would lead to cracking.12,13 
Reika Katsumata performed ellipsometric experiments to determine the TEC for PDSS-
PEGL, MM3-189 (the “good” TC), and MM3-187 (a TC that cracked) for temperatures 
between 100 C and 190 C. In this temperature range, PDSS-PEGL is above its Tg while 
both TCs are below their Tgs, which explains the order of magnitude difference in TEC 
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between the BCP and the TCs shown in Figure 3.25. The two TCs had identical TECs to 
within the tolerances of the measurement, which means that physical stress on the thin 
films was not the cause for the cracks. 
 
 
Figure 3.25  Thermal expansion coefficients of (a) PDSS4.8-PEGL8.9 (b) MM3-189 (21% 
MA, 31% cyclohexyl maleimide, 48% t-butyl styrene) and (c) MM3-187 
(40% MA, 10% cyclohexyl maleimide, 50% t-butyl styrene) as measured by 
ellipsometry. While the two TCs have identical thermal expansion 
coefficients, MM3-189 did not crack, while MM3-187 did. 
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To test the hypothesis that the MA content was the main contributor to cracking, 
another series with varying MA content was tested. The TCs detailed in Table 3.4 contain 
styrene instead of t-butyl styrene, and the balance is methyl maleimide instead of 
cyclohexyl maleimide. When this series of TCs were tested, every sample cracked, 
including those with MA content comparable to MM3-189, as shown in Figure 3.26. This 
result may be due to many factors: 1. The alternative maleimide species may be the 
deciding factor, 2. Styrene versus t-butyl styrene may be critical, or 3. A combination 
thereof. While none of these are satisfactory explanations, the lack of other TC series with 
varied MA content makes it difficult to verify or disprove any of the hypotheses.  
 
 
Table 3.4.  Series of TC with varying ratios of maleic anhydride and methyl maleimide 
copolymerized with styrene. 
 
Figure 3.26  Thin film studies of the TCs detailed in Table 3.4. Films were annealed at 
165 C for 5 min in air.10x micrographs are 1.2 mm x 1.6 mm, and 100x 
micrographs are 120 m x 160 m. 
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 Finally, I turned to the synthesis procedures used at the University of Minnesota to 
see whether any of the reagents used could be left in the BCP and cause the cracking. By 
comparing and contrasting the synthesis procedures for PEGL homopolymer and PDSS-
PEGL, I found that two reagents were used in the BCP synthesis that were not used in the 
homopolymer synthesis, benzoic acid and 1,8-diazabicycloundec-7-ene (DBU). Due to the 
observed cracking with the BCP and the lack thereof with the homopolymer, I focused on 
the effect of these two small molecules on TC cracking. 
I started by testing the effect of benzoic acid on TC behavior. First, I added in one 
drop of benzoic acid to about 1 mL of 1 wt% PDSS-PEGL solution and sonicated for 30 
minutes to ensure even dispersion. Then, the BCP and TC were spin coated onto a silicon 
wafer according to standard procedure and annealed at 165 C for 5 minutes. As shown in 
Figure 3.27, benzoic acid did not affect the behavior of the BCP. The BCP formed holes 
without TC on top, cracked with MM3-187 on top, and formed holes with MM3-189 on 
top. Therefore, I concluded that benzoic acid was not the cause of the cracking.  
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Figure 3.27. Optical micrographs of the effect of benzoic acid doped in BCP on TC thin 
films after annealing at 165 C for 5 min in air. 10x micrographs are 1.2 mm 
x 1.6 mm and 100x micrographs are 120 m x 160 m.  All thin film 
micrographs have benzoic acid doped into the starting materials. 
Next, I conducted the same experiment with DBU. Following the same procedure, 
I mixed one drop of DBU into about 1 mL of 1 wt% BCP solution and spin coated on 
silicon wafer. As shown in the images of the annealed films in Figure 3.28, the effect was 
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dramatic. The DBU had a deleterious effect on the BCP film even without TC, but no 
cracks were formed. When a TC was added on top, the cracking behavior was dramatic. 
Most importantly, the “good” TC, MM3-189, which had not cracked with CB3-33 or with 
benzoic acid doped in, cracked when DBU was doped into the BCP solution. This result 
suggests that residual amounts of DBU left in the BCP after synthesis interacted with the 
TC in some manner, perhaps reacting with the MA. As evidenced by the lack of cracking 
in MM3-189 (the “good” TC) with the normal BCP solution, the trace amounts of DBU in 
the BCP seem to be compatible with smaller concentrations of MA in the TC. 
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Figure 3.28  Optical micrographs of the effect of DBU doped in BCP on TC thin film 
behavior after annealing at 165 C for 5 min in air. 10x micrographs are 1.2 
mm x 1.6 mm and 100x micrographs are 120 m x 160 m. 
I then ran the control of adding DBU to the TC solution. For the micrographs shown 
in Figure 3.29, the DBU-doped TCs were spin coated directly onto a silicon wafer with no 
BCP. As shown, none of the samples cracked. This suggests that the presence of DBU is 
causing a strange interaction between the BCP and TC.  
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Figure 3.29  DBU doped in the TC solutions with no BCP present. The films were 
annealed at 165 C for 5 min in air, then imaged. 10x micrographs are 1.2 
mm x 1.6 mm and 100x micrographs are 120 m x 160 m. 
Finally, I wanted to test the theory that the DBU is disrupting the interaction 
between the BCP and TC on some other BCP systems. PTMSS-PLA and 
poly(methoxystyrene-b-trimethylsilyl styrene) (PMOST-PTMSS) were tested in the same 
manner; one drop of DBU was added to approximately 1 mL of BCP solution. As shown 
in Figure 3.30 for PTMSS-PLA and Figure 3.31 for PMOST-PTMSS, the film cracked in 
all cases where BCP, DBU, and TC were present. When one or more of the three were 
missing, the film did not crack. 
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Figure 3.30  Annealed films of PTMSS-PLA with DBU doped in. 10x micrographs are 
1.2 mm x 1.6 mm and 100x micrographs are 120 m x 160 m. 
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Figure 3.31  Annealed films of PMOST-PTMSS with DBU doped in. MM4-251 (50% 
MA, 34% di-t-BuSty, 16% Sty) was previously determined to be a neutral 
TC for this BCP. 10x micrographs are 1.2 mm x 1.6 mm and 100x 
micrographs are 120 m x 160 m. 
3.4 CONCLUSIONS 
PDSS-PEGL was investigated as an alternative BCP which possessed all the 
advantages of PTMSS-PLA without the issues of the lactide block. However, through the 
course of the thin film investigation, severe issues arose in the compatibility between the 
BCP and TC. After exhaustive tests, the cause of the problem was determined to be trace 
amounts of DBU remaining from synthesis interacting with the maleic anhydride in the 
TC. Because of the small amount of BCP left (about 100 mg for each sample) and the 
limited number of TCs containing less than 50% MA, further tests to verify this hypothesis 
are not possible. 
Several options exist to ascertain that the DBU is causing the problem. The best 
control test would be altering the PEGL block synthesis procedure to not include DBU at 
all. If PDSS-PEGL synthesized in this manner does not crack with TC, then DBU is 
certainly the cause of the cracking. Next, if a greater amount of the BCP were available 
now, columns could be run to remove the trace amount of DBU from the BCP. 
With the current BCP, it might still be possible to perpendicularly orient the BCP 
by synthesizing a new series of TCs. In this chapter, I have shown that MM3-189 (48 mol% 
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t-butyl styrene, 21% MA, 31% cyclohexyl maleimide) does not crack when annealed on 
top of the BCP stack. In addition, normal I/H features can be observed through that TC. 
Therefore, if the MA and cyclohexyl maleimide concentrations are kept constant and the 
surface energy is tuned by varying the ratio of styrene to t-butyl styrene as is standard for 
many other series of TCs, a neutral TC might be identified even with the trace amounts of 
DBU in the BCP. The neutral TC can then be combined with the already-identified neutral 
SNTs to perpendicularly align PDSS-PEGL. 
In the next chapter, I step away from the silicon-and-lactide systems described in 
these two chapters to focus on a different strategy of obtaining smaller features with a more 
straightforward annealing procedure. I chose to decrease the accessible feature size of a 
very well-studied BCP, PS-PMMA, by adding in a self-interacting vinyl naphthalene 
moiety to produce poly((styrene-random-vinylnaphthalene)-block-methyl methacrylate), 
which can be perpendicularly oriented with simple thermal annealing without a TC. 
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Chapter 4:  Using Intrablock Interactions to Increase of Poly(styrene-
block-methyl methacrylate) (PS-PMMA) 
This chapter is reproduced with permission from Macromolecules, submitted for 
publication. Unpublished work copyright 2016 American Chemical Society. 
4.1 INTRODUCTION 
Poly(styrene-block-methyl methacrylate) (PS-PMMA) is the most widely-studied 
candidate material for block copolymer (BCP) lithography,1–3 and it is produced 
commercially at pilot-scale.4 Use of PS-PMMA is advantageous because the substrate is 
readily neutralized with crosslinked mats or grafted polymers,5,6 and the similarity in 
surface energy between the two blocks of PS-PMMA at elevated temperature permits the 
microdomains to be oriented perpendicular to the substrate via simple one-step hot-plate 
annealing.7–9 This thin-film morphology is practically desirable for the subsequent etch 
step, and the processing is fully compatible with existing nanofabrication tools.10,11  
Unfortunately, the smallest lithographically-useful features using PS-PMMA are 
about 11 nm wide due to thermodynamically-driven mixing between the two blocks for 
smaller features and shorter BCP chains,1 and this size scale is still too large to shift the 
paradigm from photolithography to BCP lithography. Polymer chemists are designing new 
BCP lithography candidate materials that are capable of self-assembling into ever-smaller 
features (5-10 nm) such that BCP lithography, if implemented, will be viable for several 
miniaturization cycles.12–15 These materials are colloquially referred to as “high-” BCPs 
because the Flory-Huggins interaction parameter, , has been increased relative to PS-
PMMA. In a tradeoff demonstrated in Equation 4.1,16 increasing  allows for symmetric, 
diblock BCPs with lower molecular weight and smaller degree of polymerization N, to 
microphase separate, resulting in a smaller periodic width, 𝑑.  
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d = a χ1/6N2/3       Equation 4.1 
In this report, “feature size” will refer to the width of one lamella (one light or dark 
stripe in a top-down scanning electron microscope (SEM) image), and “domain size,” d, 
will refer to one full periodic width (one light and one dark stripe). Thus, feature size is 
one half of the domain size. 
An established route to creating high- BCPs is to choose blocks with increased 
chemical dissimilarity.17,18 However, high- BCPs capable of self-assembling into 
features smaller than 10 nm often possess highly disparate surface energies between blocks, 
which preclude perpendicular orientation at the top surface via thermal self-assembly. 
Solvent annealing19 and surface-energy-modifying top coats20–22 have been shown to 
enable perpendicular orientation in these materials. But an alternate strategy is to design a 
material which has higher  than PS-PMMA but still possesses similar surface energy 
between blocks such that perpendicular orientation can be obtained by thermal annealing 
alone. Two key examples of BCPs achieving these ends are the partially epoxidized 
poly(styrene-block-isoprene) system described by Kim et al.23 and the addition of the ionic 
liquid, 1-ethyl-3-methylimidalzolium bis(trifluoromethanelsufonyl)amide (emim NTf2), to 
PS-PMMA demonstrated by Bennett et al.24 Hydrogen bonding interactions have been 
exploited by adding in a second BCP25–27 or homopolymer,28,29 and solvents have been 
used as small molecule additives to increase the effective .30  
It is important to note that  was defined by Flory to represent the energetic penalty 
for removing one repeat unit from a lattice of its peers and placing it in a new lattice where 
it is surrounded by different chemical constituents.31 Therefore, increasing attractive self-
interactions within blocks may be an equally viable strategy for increasing  as compared 
to the more common approach of increasing chemical dissimilarity between blocks. To this 
end, we describe the synthesis and characterization of a new high- BCP in this material 
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class, poly((styrene-random-vinylnaphthalene)-block-methyl methacrylate) (PSVN-
PMMA). By including a vinylnaphthalene (VN) comonomer into the PS block, which 
possesses increased self-interactions,32 we demonstrate a two-fold improvement in  in the 
absence of deleterious changes to block surface energy.  
4.2 EXPERIMENTAL  
4.2.1 Materials synthesis 
All reagents were used as received unless otherwise noted. HPLC-grade 
tetrahydrofuran (THF) (J.T. Baker) for anionic polymerization was purified by passing 
through a Pure Solv MD-2 solvent purification system containing two activated alumina 
columns. 2-Vinylnaphthalene (VN) (Acros Organics) was purified by subliming twice 
under reduced pressure. Styrene (Sigma-Aldrich) was distilled twice over di-n-
butylmagnesium. Methyl methacrylate (MMA) (Sigma-Aldrich) was distilled once over 
calcium hydride then distilled once over trioctylaluminum. Lithium chloride (LiCl) was 
stored in a vacuum oven kept at 170 °C and under 100 mTorr until ready to use. 
Diphenylethylene (DPE) was distilled twice over n-butyllithium using a cow-type 
distillation receiver with an insulated vigreux distillation head and stored in a drybox 
freezer.  
PSVN-PMMA was synthesized by sequential addition of monomers in anionic 
polymerization. The reactor vessel was flame dried five times, and then an appropriate 
amount of dry LiCl from the vacuum oven was added. Purified THF was added to the 
reactor vessel and allowed to stir for 30 minutes at room temperature to facilitate the 
dissolution of LiCl. The reactor was then cooled to -78 C, and the appropriate amount of 
sec-butyllithium was added to initiate the reaction. The SVN block was synthesized by first 
adding the required amount of liquid styrene monomer to solid vinylnaphthalene monomer 
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in the drybox and swirling the flask until the vinylnaphthalene completely dissolved in the 
styrene. The styrene-vinylnaphthalene monomer mix was then added to the reactor 
dropwise using an airtight glass syringe, resulting in a dark green solution that was stirred 
for 1 hour. DPE was then added in fivefold molar excess to the initiator, and the dark red 
solution was stirred for 1.5 hours before an aliquot was taken. A small amount of MMA 
was added to the reactor, and after the dark red solution turned completely clear, the rest 
of the MMA was added dropwise. The reaction was left to proceed for two hours after all 
MMA was added, and degassed methanol was used to terminate the reaction. 
Some planning was required for PSVN-PMMA synthesis. First, VN monomer must 
be used as soon as possible after purification. Typically, VN monomer was purified on the 
first day of the reaction and stored in an aluminum foil-covered distillation flask in the dry 
box freezer (-20 C) overnight. The monomer flask was only taken out of the freezer when 
it was ready to be used. Storage for more than one night compromised some polymerization 
reactions; the reaction solution would lose color about an hour after S/VN momoner 
introduction. Next, the sec-butyllithium should not be more than a few months old; older 
bottles of initiator have also led to anions “dying.” Next, the reaction temperature should 
be below -65 C at all times. From personal experience, while PS-PMMA and other 
polymers made with anionic polymerization can withstand temperatures of up to -50 C, 
PSVN-PMMA is liable to terminate if the temperature gets too high during the 
polymerization. Thus, each monomer must be added slowly. Finally, DPE stored in the dry 
box freezer can be used for up to a few months after purification as long as it freezes into 
a solid. If the DPE is liquid in the freezer, then it should be distilled again. 
The polymer was isolated by precipitating in methanol and then it was dried on a 
Schlenk line until baseline was achieved. On the occasions where a small fraction of the 
PSVN living block was terminated when drawing an aliquot, the BCP was selectively 
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precipitated in hot (50 C) cyclohexane to remove the soluble PSVN fraction (see Figure 
4.1). 
 
Figure 4.1  P(S85VN15)21.7-PMMA28.0 (a) before and (b) after washing with hot (50 C) 
cyclohexane to remove the soluble PSVN fraction. 
Di-n-butylmagnesium, n-butyllithium, and sec-butyllithium are pyrophoric 
materials, and extreme caution should be taken when working with these materials. Flame 
retardant personal protective equipment should be worn at all times while handling these 
materials. These materials should be transferred using airtight glass syringes in a drybox 
or under an inert gas environment. 
4.2.2 Material characterization 
Size exclusion chromatography (SEC) measurements were taken on a Viscotek 
GPC Max VE 2001 size exclusion chromatograph equipped with a Viscotek Model 270 
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dual detector of viscometer/light scattering detector, a Viscotek VE 3580 refractive index 
detector, and two I-Series mixed bed low MW columns. THF was used as the eluent, and 
samples were run with a flow rate of 1.0 mL min-1. Samples were prepared by dissolving 
the polymer in THF (2 mg mL-1) beforehand. 1H NMR spectra were recorded on a Varian 
Unity Plus 400 MHz and 13C NMR spectra were recorded on a Varian DirectDrive 600 
MHz with CDCl3 as the solvent. Differential scanning calorimetry (DSC) experiments 
were performed on a Mettler Toledo DSC-1 under dynamic nitrogen at a heating rate of 10 
°C min-1. All reported data are from second heat after heating above all glass transition 
temperatures. 
4.2.3 Substrate neutralization 
Silicon wafers were purchased from NOVA Electronic Materials, LLC. Random 
copolymers of poly(styrene-random-methyl methacrylate-random-glycidyl methacrylate) 
were crosslinked on the Si wafers and acted as surface treatments to tune the surface energy 
of the underlying substrate; these layers are generally referred to as surface neutralization 
treatment or ‘SNT’ layers hereafter.6 The ratio of styrene to MMA was empirically chosen 
such that neither block of PSVN-PMMA would preferentially wet the substrate, and 1 
mol% glycidyl methacrylate was included to act as a crosslinking agent. All random 
copolymers will henceforth be referred to as GLxx, where xx represents the mole percent 
of styrene in the feed. GMA was used as received, and styrene, MMA, and toluene were 
purified by stirring over alumina and calcium hydride (0.1 g/mL each). The GL series was 
synthesized by conventional free radical polymerization (70 °C, toluene) with benzoyl 
peroxide as the initiator.6 GL51 and GL57 were synthesized, and the number averaged 
molecular weights (Mn) relative to a polystyrene standard of GL51 and GL57 were 26.7 
kDa (molecular weight dispersity, ÐM = 1.6, 71 mol% styrene) and 23.6 kDa (ÐM = 1.6, 77 
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mol% styrene), respectively. These random copolymers were precipitated in methanol and 
freeze dried prior to use. GL54 was made by dissolving equal masses of GL51 and GL57 
together and freeze drying. 
4.2.4 Thin film processing 
Polymers were dissolved in toluene (1 wt%) and filtered with 200 nm Teflon filters 
(CHROMAFIL Xtra PTFE 20/25). Thin films were prepared by spin-coating the 1 wt% 
polymer solutions out of toluene for 40 s, and spin speeds were empirically chosen to 
produce films with about 1.2 L0 film thickness. Thin film thicknesses were measured by a 
spectroscopic ellipsometer (J.A. Woollam M-2000D) with a fitting wavelength range of 
400-1000 nm. Thin films were lightly etched in an oxygen plasma cleaner (HARRICK 
PDC-32G) for 45 sec with an oxygen partial pressure of 350 mTorr and power of 6.8 W 
applied to a radio frequency coil to enhance the imaging contrast between the two blocks.  
4.2.5 Small angle X-ray scattering 
Small-angle X-ray scattering (SAXS) measurements were conducted on a 
Molecular Metrology instrument equipped with a high brilliance rotating copper anode 
source using Cu Kα radiation (λ= 1.5418 Å) and a gas-filled two-dimensional 120 mm 
multiwire detector. Horizontal focus and wavelength selection were achieved using an 
asymmetric cut Si(111) monochromator, and vertical focus was achieved using a single-
crystal germanium mirror. Silver behenate with a primary reflection peak at 1.076 nm-1 
was used to calibrate the beam center. 
SAXS data for calculating the  parameter were generated by first annealing the 
BCP sample in an enclosed heating stage for 45 minutes, then immediately cooling in water 
for 1-2 sec then in liquid nitrogen for 1 min. The BCP sample was then loaded in the SAXS 
vacuum sample chamber. After waiting 1 h for the sample chamber to reach baseline 
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pressure, the SAXS data was collected. This procedure was repeated for all temperatures 
at which SAXS data was collected. This procedure is explained in more detail in Chapter 
5. 
4.2.6 Scanning electron microscopy (SEM)  
A Zeiss Supra 40 VP SEM was used to capture top-down SEM micrographs using 
an in-lens detector with an accelerating voltage of 5 keV and a working distance of 5-10 
mm. 
 
4.3 RESULTS AND DISCUSSION 
4.3.1 Synthesis and characterization 
PSVN-PMMA was synthesized by sequential addition of monomers in anionic 
polymerization, as illustrated in Scheme 4.1. A series of PSVN-PMMA with varied 
molecular weight and percent VN incorporation were synthesized. The volume fractions 
of the styrenic block and the MMA block were kept near 50% to ensure that all BCP’s 
formed lamellar microstructures upon thermal self-assembly and to facilitate a direct 
comparison between different BCPs.  Table 4.1 summarizes the synthesized BCPs and 
provides relevant characterization information.  
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Scheme 4.1  Synthesis of PSVN-PMMA block copolymer by anionic polymerization.  
 
Samplea 
Mol% 
VNb 
Mn 
(PSVN) 
(Da) 
ÐM 
(PSVN) 
Mn 
(BCP) 
(Da) 
ÐM 
(BCP) 
Vol% 
SVNc 
d 
(nm)d 
P(S85VN15)17.1-
PMMA19.1 
15 17,100 1.08 36,200 1.02 50 20 
P(S85VN15)21.7-
PMMA28.0 
15 21,700 1.17 49,700 1.06 52 28 
P(S85VN15)32.5-
PMMA54.2 
15 32,500 1.11 86,700 1.07 45 40 
P(S80VN20)15.1-
PMMA20.9 
20 15,100 1.14 36,000 1.02 49 26 
P(S75VN25)12.6-
PMMA18.3 
25 12,600 1.04 30,900 1.09 44 26 
P(S75VN25)13.7-
PMMA19.6 
25 13,700 1.09 33,300 1.20 44 30 
P(S70VN30)7.7-
PMMA7.7 
30 7,700 1.25 15,400 1.32 53 28 
P(S70VN30)11.0-
PMMA11.8 
30 11,000 1.31 22,800 1.24 51 38 
P(S65VN35)7.7-
PMMA9.7 
35 7,700 1.37 17,400 1.26 51 34 
P(S83VN17)-
PMMADis 
17 5,300 1.07 10,900 1.07 52 --- 
P(S71VN29)-
PMMADis 
29 5,400 1.12 11,700 1.13 49 --- 
Table 4.1  Characterization of all BCPs reported in this work.  
a    Sample names are written as P(SxVNy)n-PMMAm where x and y are the mol % of 
styrene and VN in the styrenic block, respectively, and n and m are the Mn in kDa 
of the PSVN and PMMA blocks, respectively. 
b Determined by quantitative 13C NMR. Mol % VN refers to mol % VN in the 
PSVN block, not entire BCP. 
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c Densities used in this calculation were 1.13 g/mol for PVN, 1.05 g/mol for PS, 
and 1.18 g/mol for PMMA. Densities were measured using an AG204 Mettler 
Toledo Balance and Mettler Toledo Density Kit for XP/XS Precision Balances.18 
PSVN densities were calculated using a weighted average of the PS and PVN 
densities. 
d  Determined by SAXS. 
 
The concentration of VN incorporated into the PSVN block was determined from 
quantitative 13C NMR, and a representative spectrum and analysis are shown below 
(Figure 4.2). Absolute molecular weight was determined using SEC and NMR. First, SEC 
was used to determine dn/dc and, subsequently, molecular weight for each PSVN block, 
which was taken as an aliquot from the reactor vessel immediately before the addition of 
MMA monomer.33 Using the molecular weight of the first block (PSVN), the total 
molecular weight and the volume fraction composition of the BCP (PSVN-PMMA) were 
calculated from 1H NMR,34 and a representative spectrum and calculation are shown below 
(Figure 4.3). 
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Figure 4.2  Quantitative 13C NMR was used to determine the relative concentration of 
VN to styrene in the PVN block. A system of equations was set up using the 
peak assignments shown to solve for x. 
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Figure 4.3  A representative 1H NMR spectrum used to determine the volume fraction 
of each block of PSVN-PMMA. The integrated area of the downstream 
aromatic region was normalized by the average number of aromatic protons 
for each unit of the PSVN block (5x + 7y, where x and y are the fractional 
composition of styrene and VN in the block, respectively), and the region 
between 3.5-4.0 ppm (from the MMA block) was normalized by the number 
of methyl protons (3). The ratio between the two normalized integrations is 
the mole ratio, and this was used to determine the volume ratio. 
The synthesis procedure was developed to ensure an even distribution of VN in the 
PSVN block, and the visual appearance of the reaction solution confirmed this as described 
in detail below.  This precaution was taken to ensure that the results are a consequence of 
the chemical “modification” of the styrenic block, and not of other effects such as those 
that arise from gradient structure effects.35,36 First, the VN was dissolved directly into the 
styrene monomer before addition to the reaction vessel. Second, the styrene-VN solution 
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was added to the reaction vessel dropwise in an effort to ensure that all available monomer 
had reacted before adding more. The reaction solution would slightly change color as each 
drop was added. When the drop was first added, the solution turned a deep, dark forest 
green, indicative of a VN anion. After a few seconds, the solution would take on a slight 
brown/orange tinge at the edges while remaining very dark in the middle, indicating that 
styrene, normally an orange anion under these conditions, replaced some VN units as the 
terminal anion. Waiting longer did not result in any further color change. Upon the addition 
of the next drop of styrene-VN solution, the solution turned dark green again. After all the 
monomer had been added, the reaction solution would continue to hold its dark color with 
brown/orange edges without change until the addition of diphenylethylene (dark red anion 
color). A previous study on the reactivity ratios of propagating styrene and VN anions in 
THF at room temperature showed that an alternating addition is favored.37 Because the 
polymers synthesized in this study all contained more styrene units than VN units, each 
droplet of styrene-VN solution added would start off with alternating styrene and VN (dark 
green anion color) and end with a short run of styrene (orange anion color). This indicated 
that the VN was evenly distributed in the styrenic block. Representative photographs of the 
different anions described above are shown below in Figure 4.4.  
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Figure 4.4  Reactor solution color changes throughout the polymerization process. (a) 
Immediately after adding a drop of styrene-VN monomer solution, the 
reactor solution turns a dark green. (b) After a few seconds, the VN 
monomers are all consumed, and the solution takes on a brown/orange tinge. 
The solution will stay this color until the next drop of styrene-VN monomer 
solution is added, at which point it will revert back to the color in (a). (c) 
DPE is added to the reactor after all the styrene-VN monomer had been 
added, and the reactor turns a deep red color. (d) For reference, the color of 
pure styrene is an orange color. 
To further confirm the even distribution of VN in the styrenic block, the Tg’s of 
polystyrene and several PSVN polymers (without the PMMA block) with various 
concentrations of VN were compared. As shown in Figure 4.5, the Tg of polystyrene is 
around 100 °C, while the Tg of polyvinylnaphthalene is expected at around 138 °C.
38 The 
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Tg’s of the PSVN samples clearly increase progressively as more VN is added, and there 
is only one Tg for all PSVN samples. In addition, the breadth of the glass transition is 
similar for all samples. This suggests that there is little to no “blockiness” of styrene and 
vinylnaphthalene in the PSVN polymers, and that they are evenly distributed along the 
polymer chain.39,40 One can note from Table 4.1 that the molecular weight dispersity of 
the PSVN block increases up to 1.37 with 35% VN content, suggesting that synthetic 
control of anionically polymerized PVN is challenging. Indeed, our current methodology 
was not capable of directly synthesizing PVN-PMMA, and an alternate route is necessary 
to access that material. Nevertheless, an increase in molecular weight dispersity in one 
block does in no way preclude the ability of the resulting polymers to self-assemble into 
sharply defined, well-organized periodic structures.41,42 
 
 
Figure 4.5  DSC scans of three PSVN samples containing various mol % of VN. As the 
concentration of VN increased, the glass transition temperature increased. 
The Tg (defined as the onset of the transition) was 95 C for a sample with 0 
mol % VN (i.e., PS only) (top blue curve), 105 C for a sample with 15 mol 
% VN (middle green curve), and 113 C for a sample with 30 mol % VN 
(bottom red curve). 
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Domain spacing for the BCP samples were determined using SAXS. The domain 
spacing, d, is defined by the primary scattering peak, q*, and is calculated by d = 2π / q*. 
The presence of secondary scattering peaks, as shown in the SAXS patterns in Figure 4.6, 
indicates that all samples are ordered. Because the secondary scattering peaks for all 
samples are integer multiples of q* (2q*, 3q*, etc.), the morphology for all samples studied 
are lamellae.  
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Figure 4.6  Small angle x-ray scattering (SAXS) profiles for all ordered BCPs. Even 
order scattering peaks are absent from all but two samples, indicating all but 
P(S75VN25)12.6-PMMA18.3 and P(S80VN20)15.1-PMMA20.9  are  volumetrically 
symmetric.43 
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 parameter  
First, the effect of VN on the  parameter was investigated. According to Equation 
4.1, with knowledge of the molecular weight and the domain spacing of each sample, some 
preliminary conclusions can be drawn about the effect of VN incorporation on the  
parameter. In Figure 4.7 (a), the ordered samples in Table 4.1 are grouped based on their 
VN concentration, and their domain sizes are plotted as a function of molecular weight. 
The trend lines are curved because domain spacing scales as a function of the molecular 
weight to the 2/3 power. In this representation, the slope of each line is proportional to the 
 parameter, and a steeper slope indicates a higher  parameter.  
Instead, if Equation 1 is rearranged as: 
       Equation 4.2 
then 𝑑𝑁−2/3 can be plotted against concentration of VN, as shown in Figure 4.7 
(b).  
N
d
3/2
6/1 
 145 
 
Figure 4.7  (a) Domain spacing ‘d’ of each BCP as a function of its molecular weight 
and VN incorporation. As VN incorporation increases, the domain spacing 
increases for polymers of a similar molecular weight, implying an increase 
in the  parameter. The regression lines represent the scaling implied by 
Equation 1 with a constant  parameter for each composition, 𝑑~𝑁
2
3⁄ . (b) 
Rearranging Equation 1 gives a proportionality factor for the  parameter, 
which is calculated from averaged values from (a). When plotted against 
VN incorporation, the increasing trend implies that the  parameter 
increases as more VN is included. 
To provide direct evidence that the  parameter increases with increasing 
concentration of VN, two disordered samples ( N < 10.5) with different concentrations of 
VN were synthesized and are summarized in the bottom two rows in Table 4.1.  is a 
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temperature dependent parameter, and it can be described as the sum of an enthalpic (H) 
and an entropic portions (S), as shown in the following equation,44 where A and B are 
empirical parameters: 
 𝜒(𝑇) = 𝜒𝐻 + 𝜒𝑆 =
𝐴
𝑇
+ 𝐵     Equation 4.3 
Absolute intensity SAXS was used to determine  for each sample. Scattering data 
was collected at several temperatures, and absolute intensity was calculated for each 
temperature using a pre-calibrated low density polyethylene standard for absolute intensity 
correction.45  was an adjustable parameter in the fitting of the absolute intensity SAXS 
profile to Leibler’s mean field theory, which was modified for dispersity and segmental 
volume asymmetry46–49 (Figure 4.8). 
 
Figure 4.8  SAXS profiles for a representative sample, P(S83VN17)-PMMADis, near the 
first order peak. Scattering profiles were collected at several temperatures 
for the same sample, and best-fit lines were obtained by changing  as one 
of the adjustable parameters using Leibler’s mean-field theory.18,46  
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As shown in Figure 4.9, the  parameter for all VN-containing polymers 
dramatically increased compared to that of PS-PMMA. Table 4.2 summarizes the entropic 
and enthalpic contributions to  for all disordered samples as well as for PS-PMMA.18 By 
incorporating 29 mol% of VN in the styrenic block, the  parameter was more than doubled 
as compared to PS-PMMA. The smallest domain spacing that can be achieved with 
P(S71VN29)-PMMA is around 12.6 nm, with features sizes of about 6.3 nm. As stated 
previously, the smallest useable domain spacing that can be achieved with PS-PMMA is 
about 22 nm, with feature sizes around 11 nm. The  parameter results also suggest that 
even smaller features are possible by incorporating more VN into the BCP.  
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Figure 4.9  A comparison of the  parameter of two VN-containing polymers to PS-
PMMA. (a) A comparison of the  parameter as a function of temperature 
shows that the VN-containing BCP’s have much higher ’s as compared to 
PS-PMMA, which results in (b) smaller attainable features. 
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BCP A B 
PS-PMMA18 2.85 0.037 
P(S83VN17)-PMMADis 6.99 0.067 
P(S71VN29)-PMMADis 2.86 0.091 
Table 4.2  A and B parameters for the  parameters of PS-PMMA and two VN-
containing BCPs.  
We examined the reported chemical nature of VN to explain the increase in  with 
modest amounts of VN. Notably, polyvinylnaphthalene (PVN) and PS homopolymers have 
both been reported to form excimers upon light irradation,50,51 which is caused by 
neighboring aromatic groups interacting with one another to form an electronically-excited 
dimer complex. Accordingly, naphthalene and benzene pendant groups in PSVN possess 
- interactions,52 which  likely are closely related to the formation of excimers. Within 
the context of this work, it is unreasonable to assume that every VN unit is interacting with 
another VN unit. Therefore, a rough calculation comparing the interaction energy of a pair 
of VN units to the total energy of bulk microphase separation of the PS-PMMA analogue 
of P(S71VN29)-PMMADis was performed. 
The binding energy of two VN units was estimated from a simulation for 
naphthalene stacking energies, which ranged from 17.4 kJ/mol for the parallel 
configuration to 27.6 kJ/mol for the parallel-displaced configuration.53 To make a 
conservative estimation of the VN interaction, 17.4 kJ/mol or 3.47 x 10-23 kJ/pair of VN 
monomers was used for the following comparisons.  
The total free energy of microphase separation in bulk of the PS-PMMA analogue 
of P(S71VN29)-PMMADis, wherein all VN units were replaced by styrene (PS100-PMMADis), 
was estimated using a model by D.G. Walton, et al:54  
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      Equation 4.4 
where F0 is the equilibrium bulk free energy, p is the number of BCP chains in the system, 
and N is the normalized degree of polymerization. Using Equation 4.4, the energy of 
microphase separation in bulk for PS100-PMMADis (F0/kT) was calculated to be 9.6 x 10
-24 
kJ/chain. By comparing this energy to the interaction energy of two VN units, it is evident 
that the interaction energy of two VN units eclipses the energy required for microphase 
separation. Therefore, the observed increase in  upon including VN in PS-PMMA would 
be accounted for by a small fraction of the available VN units in the PSVN block interacting 
with each other.  
To further elaborate on the role VN self-interactions play in increasing the  of the 
BCP, we revisit the original definition of  by Flory (Equation 4.5), wherein 𝑧 is the lattice 
parameter, and 𝑘 is Boltzmann’s constant. 𝜒𝐴𝐵 represents the thermodynamic contribution 
of energetic penalty (𝜒𝐴𝐵 is positive) or benefit (𝜒𝐴𝐵 is negative) for removing polymer 
segments A and B from a lattice of their peers and placing each in the position vacated by 
the other, i.e. an exchange energy of mixing. 
 𝜒𝐴𝐵 =
𝑧∆𝑤
𝑘𝑇
       Equation 4.5 
∆𝑤 represents the actual exchange energy for a single lattice boundary relative to the initial 
state,  
 ∆𝑤 = 𝑤𝐴𝐵 −
1
2⁄ (𝑤𝐴𝐴 + 𝑤𝐵𝐵)    Equation 4.6 
where 𝑤𝐴𝐴 and 𝑤𝐵𝐵 represent the interaction energy per mole of 𝐴 and 𝐵 segments in their 
initial, phase separated state, and 𝑤𝐴𝐵 represents the interaction energy per mole of 𝐴 and 
𝐵 segments in contact. Due to favorable non-covalent interactions between segments, 𝑤𝐴𝐴, 
𝑤𝐵𝐵, and 𝑤𝐴𝐵 are small negative numbers while ∆𝑤 as a whole is usually positive. 
Therefore 𝜒𝐴𝐵 can be increased by increasing 𝑤𝐴𝐵 (poorer chemical compatibility between 
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blocks) or decreasing 𝑤𝐴𝐴 (increased self-interactions in one of the blocks). We note that 
binding energies between aromatic groups have been computationally predicted53 and are 
represented by a range of values, due to different spatial arrangements. For benzene this 
range is from -9 kJ/mol to -14 kJ/mol, and for naphthalene this ranges from -17 kJ/mol to 
-25 kJ/mol.53 If these values were to be directly related to 𝑤𝐴𝐴 of a PSVN-PMMA BCP, 
where PSVN represents the 𝐴 block, a more negative 𝑤𝐴𝐴 as VN subunits are added is fully 
consistent with the experimentally observed increase in . However, please note a 
predicted χ based on incorporating a composition-weighted 𝑤𝐴𝐴 is overestimated by 
Equations 4.5 and 4.6, likely due to concomitant decreases in 𝑤𝐴𝐵, computational 
overpredictions of binding energy, and steric blocking of aromatic self-interactions by the 
polymer backbone, among other effects. 
To rule out the possibility of chemical dissimilarity (increasing 𝑤𝐴𝐵) as a major 
contributor to the increase in , polymer dewetting studies were conducted using PS and 
PVN as test liquids on a PMMA substrate (PMMA crosslinked mat on a Si wafer). The 
PVN droplets formed a larger contact angle of 15.7 (number of droplets measured, n = 23, 
95% confidence interval [15.1, 16.4]) on the PMMA substrate than the PS droplets 
(contact angle 7.4, n = 12, 95% confidence interval [6.8, 8.1]) (Figure 4.10).  
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Figure 4.10 Representative AFM images of (a) PS and (b) PVN films dewetting from a 
crosslinked PMMA surface. Both films were annealed under vacuum at 160 
C for 96 hours. Isolated droplets of various sizes were selected to provide a 
comprehensive data set. A python code was written to determine the height 
and width of each droplet, and representative data for (c) PS and (d) PVN 
are shown. Dewetting contact angles were calculated by assuming spherical 
caps and using the equation cos = 1–2(h/r)2, where h is the height of the 
droplet and r is half the width of the droplet. 
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The relative surface energies, 𝛾1 and 𝛾2, for two test liquids on the same substrate 
can be estimated by55 
 (
𝛾1
𝛾2
) ≈ (
cos(𝜃2)
cos(𝜃1)
)
2
      Equation 4.7 
Using the experimentally determined contact angles and the reported surface 
energy of PS (39.4 dyn/cm),56 the surface energy of PVN was calculated to be 40.6 dyn/cm, 
which falls between that of PS and PMMA (41.1 dyn/cm).56 Since the surface energy of 
PVN is more like PMMA, it is not likely that the increased 𝜒 for PSVN-PMMA relative to 
PS-PMMA is due to increased chemical dissimilarity (𝑤𝐴𝐵).  
 
4.3.3 Thin film processing 
A BCP is most lithographically useful when its phase separated microdomains are 
oriented perpendicular to the substrate. The main incentive for choosing to study this 
specific BCP, PSVN-PMMA, was to investigate whether PSVN-PMMA could possess an 
increased 𝜒 relative to PS-PMMA while retaining the ability to orient perpendicularly via 
thermal annealing. Figure 4.11 shows representative top-down SEM micrographs of 
PSVN-PMMA thin films obtained after spin-coating and thermal self-assembly, and the 
domain sizes agreed with the SAXS results to within 1 nm. The annealing conditions were 
different for each sample, as summarized in Table 4.3. Some difficulties did arise during 
the annealing process, namely, dewetting at low temperatures and short annealing times. 
The dewetting problem was solved by annealing either in vacuum or in an enclosed oven 
without light. This is explained in more detail in the next chapter. Notably, a fingerprint 
pattern characteristic of vertically oriented lamella is present at the top surface, including 
P(S65VN35)7.7-PMMA9.7, the sample with the highest concentration of VN.    
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Figure 4.11 Top-down SEM images of lightly etched (a) P(S85VN15)17.1-PMMA19.1 with 
a film thickness of 1.7 L0, (b) P(S80VN20)15.1-PMMA20.9 with a film 
thickness of 1.0 L0, (c) P(S75VN25)12.6-PMMA18.3 with a film thickness of 
1.7 L0, and (d) P(S65VN35)7.7-PMMA9.7 with a film thickness of 1.7 L0. All 
images are 1 m x 1 m.  
 
 
(a) d = 20 nm (b) d = 26 nm
(c) d = 26 nm (d) d = 34 nm
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Sample 
mol% 
VN 
SNT 
Film 
thickness 
(in L0) 
Annealing 
temp (°C) 
Annealing 
time (min) 
Annealing 
condition 
P(S
85
VN
15
)
17.1
-PMMA
19.1
 15 GL57 1.7 160 120 vacuum 
P(S
80
VN
20
)
15.1
-PMMA
20.9
 20 GL57 1.0 160 120 vacuum 
P(S
75
VN
25
)
12.6
-PMMA
18.3
 25 GL54 1.7 170 4 air 
P(S
65
VN
35
)
7.7
-PMMA
9.7
 35 GL54 1.7 200 6 air 
Table 4.3  Annealing conditions for the samples shown in Figure 4.11. 
It is noteworthy that the same SNT that was used to perpendicularly orient PS-
PMMA57 was also used to successfully orient PSVN-PMMA samples. As mentioned 
earlier, the surface energy of PVN was calculated to be 40.6 dyne/cm based on dewetted 
polymer droplet contact angles. Therefore, incorporating VN into the PSVN block 
decreased the surface energy gap between the two blocks, allowing the BCP to easily orient 
with thermal annealing. 
In addition, because the surface energy of PVN lies between that of PS and PMMA, 
increasing the concentration of VN in the PSVN block resulted in a shift in the SNT 
composition. For PSVN-PMMA samples with 20 mol% or less of VN in the PSVN block, 
GL57 (molar composition of 77 mol% styrene, 22% MMA, 1% glycidal methacrylate) was 
used as the SNT, whereas GL54 (molar composition of 74 mol% styrene, 25% MMA, 1% 
glycidal methacrylate) was used as the SNT for BCPs with 25 mol% or greater of VN in 
the PSVN block. 
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4.4 CONCLUSIONS 
The addition of VN into the chemical structure of PS-PMMA to form PSVN-
PMMA increased  while retaining desirable thin film self-assembly characteristics. First, 
incorporating 29 mol% of VN into the PS-PMMA increased its effective  more than 
twofold, and the smallest possible features formed with this BCP is 6.3 nm as compared to 
~11 nm for PS-PMMA. This copolymer structure was designed to exploit naphthalene self-
interactions as a means of increasing . Second, the surface energy of PVN is between that 
of PS and PMMA, so the addition of small amounts of VN into the styrenic block still 
enabled the self-assembled microdomains of PSVN-PMMA to be vertically oriented by 
thermal annealing. These two qualities, together, are greatly advantageous and suggest 
nanopatterning resolution in BCP lithography using a nominal “PS-PMMA” material may 
not be fundamentally limited by small .  
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Chapter 5:  Vinylnaphthalene Degradation during Light Exposure 
5.1 INTRODUCTION 
Vinylnaphthalene (VN) was the enabling monomer for the work described in the 
previous chapter. During the course of the experiments, however, it was discovered that 
the incorporation of VN into polymers also caused some unforeseen difficulties, the most 
egregious of which was the degradation that occurred during simultaneous heating and 
small-angle X-ray scattering (SAXS) data collection. 
In this chapter, the photochemistry of VN, with an emphasis on the degradation 
pathways of VN during light exposure, is described. High energy bombardment of 
polymers can cause chain scission and coupling reactions that invariably modify the 
polymer’s properties. For example, many medical device polymers are sterilized by gamma 
irradiation. A dominance of chain scission could lead to embrittlement, while improved 
wear resistance may be obtained from crosslinking.1 In addition, the free-radicals generated 
along the polymer backbone during X-ray exposure can react with O2, degrading the 
polymer.2 The most severe VN degradation was observed during the SAXS experiment, 
and that problem was eliminated by separating the thermal annealing and X-ray exposure 
steps, as will be discussed below.  
However, thermal annealing for perpendicular orientation of block copolymer 
domains in thin films, as discussed in the previous chapter, also caused slight degradation 
of the block copolymer (BCP). This thermal annealing step was conducted in ambient 
laboratory conditions, where the only light exposure came from the overhead lighting. 
Thus, the majority of the experiments detailed in this chapter were performed with a 
broadband metal-halide lamp (UV) light source. The mechanism behind the degradation 
was determined to be the VN units interacting with oxygen, which led to crosslinking and 
chain scission. 
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5.2 EXPERIMENTAL METHODS 
5.2.1 SAXS data collection for 
SAXS measurements were conducted on a Molecular Metrology instrument 
equipped with a high brilliance rotating copper anode source using Cu Kα radiation (λ= 
1.5418 Å) and a gas-filled two-dimensional 120 mm multiwire detector. Horizontal focus 
and wavelength selection were achieved using an asymmetric cut Si(111) monochromator, 
and vertical focus was achieved using a single-crystal germanium mirror. Silver behenate 
with a primary reflection peak at 1.076 nm-1 was used to calibrate the beam center. 
The typical SAXS procedure for  determination involved first annealing the BCP 
sample in an o-ring sandwiched by two pieces of Kapton tape above the BCP’s glass 
transition temperature to form a uniformly thick, liquid BCP sample. After cooling to room 
temperature to form a solid glassy sample, the sample was inserted in a heating stage (Instec 
HCS402 Dual Heater Microscope Hot and Cold Stage) controlled by an external 
temperature controller (Instec mK2000). The heating stage was mounted in the SAXS 
sample vacuum chamber, and the chamber was pumped down to 2-4 mTorr before data 
collection began. The temperature controller was used to hold the BCP sample at the set 
temperature while data was collected, and data was collected at four different temperatures 
(140 C, 160 C, 180 C, 200 C). 
5.2.2 Polyvinylnaphthalene (PVN) free radical polymerization 
6 g of vinylnaphthalene monomer (Acros Organics) was dissolved in THF and 
filtered through a basic alumina column. The filtered solution was dried under vacuum in 
a 500 mL round bottom flask (about 5 g of VN resulted). 250 mL of cyclohexane, about 
250 mg of 2,2′-azobis(2-methylpropionitrile) (AIBN), and a stir bar were added to the flask 
with the VN, and a rubber septum was used to close the reactor. The solution was degassed 
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with argon for 20 minutes and subsequently placed in a 60 C oil bath and left to react 
overnight. The reaction is summarized in Scheme 5.1. 
 
Scheme 5.1  Synthesis of PVN using free radical polymerization. 
The round bottom flask was taken out of the oil bath and immediately placed in a 
dry ice and IPA bath to stop the reaction. After the solution was frozen, the rubber septum 
was removed. The reactor was then removed from the dry ice/IPA bath and left to thaw in 
air. The reaction solution was reduced in volume under vacuum, and the PVN was 
precipitated three times from THF in methanol then dried under vacuum. 
5.2.3. Poly(styrene-random-vinylnaphthalene) (PSVN) anionic polymerization 
The PSVN used in this chapter was the aliquot of P(S70VN30)7.7-PMMA7.7, and the 
synthesis procedure is described in detail in Chapter 4. 
5.2.4 UV-Vis spectroscopy 
UV-Vis spectra for films were acquired using a Thermo Scientific Evolution 220 
UV-visible spectrophotometer.  
5.2.5 UV light exposure 
A 200 W metal-halide lamp with broadband output from 300−700 nm (Optical 
Building Blocks Scopelite 200) was used as the light source for the light exposures. A small 
AIBN
60 °C 
overnight
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amount of < 300 nm light is also present from this light source. The light intensity was 0.7 
W/cm2 at a 20 mm working distance as measured by a Coherent Field MaxII-TO 
radiometer with a PM10 sensor.  
5.3 RESULTS AND DISCUSSION: POLY((STYRENE-RANDOM-VINYLNAPHTHALENE)-
BLOCK-METHYL METHACRYLATE) (PSVN-PMMA) 
5.3.1 PSVN-PMMA sample damage during SAXS experiments 
The SAXS procedure for collecting  determination data for PSVN-PMMA 
required modification from standard operating procedures. For the numerous other BCP 
samples studied heretofore by other members of the group, SAXS data for  were collected 
by heating the BCP sample in-situ in the SAXS chamber. Throughout this process, the BCP 
sample was bombarded with X-rays. This did not cause any problem for other samples, 
including PS-PMMA. However, this procedure significantly damaged the PSVN-PMMA 
sample, as shown in Figure 5.1. The sample was run through the SEC before and after the 
SAXS experiments (Figure 5.2), and a leftward shift of the elution curve indicated that 
crosslinking had occurred.  
  
 166 
 
Figure 5.1  Photograph of PSVN-PMMA BCP sample after heating in situ during 
SAXS data collection for  determination. The air bubbles developed during 
the data collection period and were not present before insertion into the 
SAXS sample chamber. The yellow color is from the Kapton tape. 
 
Figure 5.2  SEC traces of a PSVN-PMMA BCP before (blue line) and after (orange 
dashed line) a typical SAXS experiment for  with in situ heating. 
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Because the sample was damaged during the experiment, the  data collected did 
not turn out as expected. The peak is expected to broaden, decrease in intensity, and shift 
to the right as the temperature is increased, and as shown in Figure 5.3, the order of the 
peaks was as not typical. The peak positions shifted in both directions as temperature was 
increased, and the 140 C peak was not the most intense. The temperature was ramped 
from lowest to highest, so it is possible that the unexpected results were a consequence of 
the sample degrading throughout the course of data collection (i.e. simultaneous X-ray 
irradiation and heating). 
 
Figure 5.3 SAXS data collected at four temperatures for  determination (open 
markers).  is typically extracted from the curves fit to the collected data 
(colored lines), but the atypical peak heights and peak orders indicate that 
any extracted  is likely inaccurate. 
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5.3.2 Modified  data collection methodology 
To circumvent this problem, the annealing and data collection (X-ray) steps were 
performed separately. In this revised experimental method, the BCP X-ray sample was still 
formed by heating an o-ring on a piece of Kapton tape and filling it with BCP. After the 
sample was satisfactorily assembled, that is, it had no air bubbles and it was approximately 
the thickness of the O-ring (~0.25 cm), the sample was placed into the heating stage. The 
heating stage was set to the first temperature at which SAXS data for  would be collected, 
and the sample was annealed for 45 minutes in the lab. After 45 minutes, the sample would 
be quickly removed with a pair of tweezers and placed in a beaker filled with ice water. 
After 3-5 seconds in the ice water, the sample was quickly moved to a Dewar of liquid 
nitrogen to kinetically trap the BCP sample in its thermal annealing temperature state. The 
intermediary ice water step was necessary to prevent the sample from cracking, which 
resulted when the hot BCP sample was immediately cooled in the liquid nitrogen. 
After the BCP sample was annealed, it was then placed in the SAXS sample holder 
at room temperature, and the SAXS data was collected. The BCP sample was then annealed 
at the second and third temperatures in the same manner, and SAXS data was collected at 
room temperature. In this manner, the BCP sample did not show any signs of degradation, 
as shown in Figure 5.4. The separation of heating and x-ray exposure steps significantly 
reduced the sample damage during SAXS measurements. This indicates the simultaneous 
heating and x-ray irradiations damaged PSVN-PMMA samples as shown in Figure 5.1.  
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Figure 5.4.  When the high temperature annealing step and SAXS data collection step 
were separated, the BCP sample did not show any signs of degradation. The 
yellow color is from the Kapton tape. 
To further confirm that each separate process was not changing the PSVN-PMMA 
sample, a simple SEC experiment was performed on a representative sample, 
P(S80VN20)15.1-PMMA20.9. First, the sample was run through the SEC as is. Next, the 
sample was heated at 200 C for 1 hour, which is longer than the harshest annealing 
conditions for the SAXS experiment. This heating procedure was performed in the lab, 
where there were no X-rays. After annealing, the sample was dissolved in THF and run 
through the SEC. The overlapping peaks from before and after the annealing process shown 
in Figure 5.5 reveal that no chain scission or crosslinking occurred. 
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Figure 5.5  SEC trace of P(S80VN20)15.1-PMMA20.9 before and after heating at 200 C on 
a hot plate for 1 hour. The identical elution time and peak shape indicates 
that no chain scission or crosslinking occurred during the annealing process. 
The same procedure was repeated with a sample of P(S80VN20)15.1-PMMA20.9 that 
was run through a SAXS experiment without heating. Exposure to X-rays for 1 hour at 
room temperature also did not cause chain scission or crosslinking, as shown in Figure 
5.6. 
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Figure 5.6  SEC trace of P(S80VN20)15.1-PMMA20.9 before and after exposure to X-rays 
at room temperature for 60 minutes in a SAXS experiment setup. The 
identical elution time and peak shape indicates that no chain scission or 
crosslinking occurred during the data collection process. 
Therefore, separating the annealing and SAXS steps allowed for the collection of 
SAXS data for  determination without the formation of air bubbles in the sample. As 
shown in Chapter 4, this led to the successful determination of  for PSVN-PMMA 
samples.  
5.3.3 NMR study of PSVN degradation during SAXS 
Several experiments were preformed to elucidate the mechanism behind the 
bubbling observed when the PSVN-PMMA sample was heated while the SAXS 
experiment was being run. PS-PMMA did not show any signs of degrading during SAXS 
when the heating element was used, and therefore, any unexpected behavior observed with 
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PSVN-PMMA must originate from the VN component reacting in some way. This was 
corroborated by Figure 5.7, which shows that the PSVN block was damaged (lost aromatic 
protons) during the simultaneous SAXS and heating experiment. 
 
 
Figure 5.7  1H NMR spectra of a PSVN-PMMA sample (a) before and (b) after a typical 
SAXS run to collect data for , which involved heating the sample in situ. 
The integration of the aromatic region for both spectra have been set at 5.00. 
A relative increase in the methoxy integration centered at around 3.6 ppm 
after the experiment indicates that the PSVN block lost aromaticity during 
simultaneous SAXS and heating. 
This is an unusual conclusion for several reasons. First, aromatic groups typically 
confer radiation resistance to organic molecules.3 Second, PMMA has been shown to 
degrade under high-energy irradiation.4 However, naphthalene is more reactive with singlet 
5.00 2.95
5.00 3.76
(a) Before
(b) After
Chemical Shift (ppm)
Chemical Shift (ppm)
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oxygen than benzene,5 and therefore, VN should be more reactive with singlet oxygen than 
styrene. It is hypothesized that the severe bubbling observed is due primarily to the VN 
degradation, although the PMMA block may have been attacked by VN degradation 
products and thus contributed to the bubbling. Thus, the following experiments have been 
conducted on either PVN or PSVN homopolymer. 
5.4 RESULTS AND DISCUSSION: LIGHT EXPOSURE TESTS FOR PSVN AND PVN 
HOMOPOLYMERS 
It should be emphasized that the following experiments were conducted using a UV 
light source, not X-rays. Therefore, while the conclusions may help explain some of the 
unusual behavior in the SAXS, a direct comparison cannot be made. However, the BCP 
also showed signs of dewetting under moderate thermal annealing conditions (temperatures 
under 200 C for 5 minutes). These thermal annealing experiments were carried out under 
ambient conditions, and as laboratory light does emit some UV,6 the following UV light 
exposure experiments can explain some of the deleterious effects. 
To corroborate the NMR findings that the aromaticity in the PSVN block decreased 
after simultaneous X-ray irradiation and heating, we conducted a simple UV-Vis 
experiment on a PSVN homopolymer. As shown in Figure 5.8, in general aromatic 
systems the absorbance peak shifts towards shorter wavelengths as the conjugated nature 
of the system is reduced. 
 174 
 
Figure 5.8  Chemical structures and UV-Vis absorption spectra data for benzene, 
naphthalene, and anthracene. As the size of the conjugated system increases, 
so does the wavelength of the absorption peak. Reproduced from [7]. 
A thin film of PVN homopolymer (not PSVN homopolymer) was spin coated onto 
a quartz substrate under ambient conditions and exposed to UV light. UV-Vis absorbance 
data were taken after various intervals of light exposure (i.e., varied light dosage), as shown 
in Figure 5.9. As the dosage increased, the absorbance peak shifted toward lower 
wavelengths, suggesting that conjugated -electrons are being disrupted in the VN rings 
(i.e. less conjugation upon light exposure).  
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Figure 5.9  UV-Vis data for a PVN homopolymer sample before exposure (red line) and 
after various doses of UV light. The arrow indicates the trend of the peak as 
dose increased. 
After the UV-Vis studies, attempts to clean the quartz wafer revealed that the PVN 
film had crosslinked during the course of the UV exposure, as shown in Figure 5.10. The 
wafer was soaked in a THF bath for 2 days then sonicated for 1 hour, and the crosslinked 
film still remained. To further confirm the crosslinking, 4 mg of PVN was placed in a 
scintillation vial, and exposed to 10 J/cm2 of light. 2 mL of THF was added to the exposed 
polymer and the solution was run through the SEC. The leftward shift of the SEC peak 
after exposure confirmed that crosslinking occurred, as shown in Figure 5.11. 
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Figure 5.10  Photo of the quartz wafer used for UV-Vis studies after soaking in THF bath 
for 2 days and sonicating for 1 hour. The cloudy portion is the crosslinked 
PVN film. 
 
Figure 5.11  SEC trace of PSVN homopolymer before (blue) and after (orange) UV light 
exposure without heating. 
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Two hypotheses were formulated to explain the observed PVN thin film 
crosslinking, and both hypotheses were derived from the behavior of anthracene upon UV 
irradiation. Anthracene, a compound similar to naphthalene, is known to photodimerize 
upon UV light exposure. As shown in Scheme 5.2(a), anthracene can dimerize when 
exposed to UV light with a wavelength of 365 nm.8,9 The photodimer can be broken either 
by heat10 or by irradiation with 303 nm light.9   Due to structural/ chemical similarities, the 
first hypothesis was that the naphthalene could also photodimerize and possibly crosslink 
the polymer chains, as proposed in Scheme 5.2(b). 
 
 
Scheme 5.2  (a) Reversible photodimerization of anthracene. Irradiation by 365 nm 
light can dimerize anthracene, and the photodimer can be reversed by 
either heat or by irridation by 303 nm light. (b) Proposed dimerization 
reaction by vinylnaphthalene.  
This hypothesis was tested by heating an exposed film (total exposure dose 10 
J/cm2) at 160 C for periods of time up to 2 hours to see whether heating resulted in the 
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recovery of conjugated bonds (see Scheme 5.2(a)). The absorbance was monitored by UV-
Vis. As shown in Figure 5.12, heating for up to 2 hours did not change the UV-Vis 
spectrum significantly. The original peak at higher wavelengths (Figure 5.9, before 
exposure, red line) was never recovered, indicating that conjugation was not regained. This 
result suggests that this first hypothesis is not correct, and the observed PVN thin film 
crosslinking is not due to photodimerization.  
 
 
Figure 5.12  UV-Vis data for a PVN thin film after exposure to 10 mJ/cm2 of light 
exposure and subsequent heating at 160 C for up to 2 hours. The spectrum 
shape was not drastically changed after 2 hours of heating, suggesting that 
the PVN thin film did not undergo any further changes. In turn, this 
indicates that the crosslinking observed in the PVN thin film was not due to 
photodimerization of the naphthalene units. 
The second hypothesis for explaining the crosslinking in the PVN thin film upon 
UV light exposure is the formation of an intermediate endoperoxide compound, which 
decomposes to form radicals upon exposure to light and heat.11 The formed radicals may 
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then react with nearby polymer chains to crosslink the film. Oxygen is required to form 
endoperoxide; small amounts of oxygen may have been trapped in the BCP sample because 
the sample was assembled under ambient air conditions. 
The first test was designed to determine whether an oxygen-containing intermediate 
is formed. A PVN thin film was irradiated under a nitrogen atmosphere under otherwise 
identical conditions. As illustrated below in Figure 5.13, the UV-Vis spectra did not 
change significantly. Also, the film was readily washed off with THF, indicating that 
crosslinking did not occur. Thus, oxygen appears to be a key component to the crosslinking 
reaction. 
 
Figure 5.13  UV-Vis data for a PVN homopolymer sample before exposure (red line) and 
after various doses of light exposure under a nitrogen atmosphere. 
A contrast curve for PVN and PS homopolymers was created as an aid to elucidate 
the molecular actions during light exposure in an ambient air atmosphere (Figure 5.14). 
Various doses of UV were exposed onto polymer films and then they were subsequently 
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washed with good solvents. The contrast curves shown in Figure 5.14 were constructed by 
measuring film thicknesses before and after the solvent wash step using ellipsometry. PS 
showed negligible amounts of crosslinking (gel fraction of about 0%), while the PVN gel 
fraction increased to a maximum of about 60% at about 20 W/cm2 of light exposure, then 
decreased thereafter. The increase in gel fraction is hypothesized to be due to endoperoxide 
forming upon heating in the presence of oxygen, decomposing to form radicals, and these 
radicals attacking other VN units to crosslink. At the same time, the extensive light 
exposure is causing the polymer backbone to simultaneously undergo chain scission. It is 
hypothesized that the crosslinking reaction dominates at first, then chain scission 
dominates, leading to the observed contrast curve. Neither PVN nor PS exhibited a 
significant gel fraction when the identical procedure was carried out in a nitrogen 
atmosphere. 
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Figure 5.14  Contrast curve for PS and PVN homopolymers under ambient conditions. 
For PVN, the gel fraction increased until a maximum of about 60% after 20 
W/cm2 of exposure [1], then decreased afterwards [2]. It is hypothesized that 
PVN is crosslinking in section [1], and chain scission is occurring in section 
[2]. 
The photochemistry experiments outlined heretofore have supported the hypothesis 
that the crosslinking is due to oxygen interacting with the VN units of the polymer chain. 
Thus, the thin film annealing experiments outlined in the previous chapter were performed 
either in an enclosed oven in air (no light), or in a vacuum chamber (no light or oxygen). 
Perpendicular features observed with the samples were annealed under these conditions, as 
shown in the previous chapter. In addition, after these experiments, all PSVN-PMMA 
samples were stored in glass jars wrapped with aluminum foil to prevent degradation. 
I posit that a similar mechanism leads to the degradation of the BCP samples when 
they were heated during the SAXS experiments. While UV light can excite O2 to singlet 
oxygen, which can then react with VN to form an intermediate endoperoxide radical that 
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can cause subsequently promote crosslinking or chain scission,12,13 X-rays can produce free 
radicals and ionic species, which can then lead to indiscriminate backbone chain scission 
and aromatic crosslinking.3  
Separating the heating and exposure steps solved the degradation issue because the 
incident beam area of the X-ray beam is very small, and the BCP is kinetically frozen below 
its glass transition temperature. When the sample was heated during exposure, the 
ionization products were both more likely to form and free to diffuse within the liquid BCP 
sample, wreaking havoc on the polymer structure.14 When the sample was kept at room 
temperature during exposure, the ionization products could not diffuse within the solid 
BCP matrix. Upon the subsequent thermal annealing step, the small amount of ionization 
products produced during the exposure could diffuse through the sample, but because the 
incident beam area is so small, the effects on the total BCP sample were negligible.   
5.4 CONCLUSIONS 
The degradation of the PSVN-PMMA sample during SAXS data collection to 
determine the  parameter was likely caused by the X-rays ionizing the small amount of 
oxygen in the BCP sample. When the BCP sample was heated in situ, the ionization 
products had the mobility to diffuse during the exposure, causing massive amounts of the 
sample to decompose. When the heating and exposure steps were separated, the problem 
was mitigated, and  SAXS data was successfully taken, as shown in Chapter 4. 
UV exposure of PVN in the presence of oxygen caused an intermediate 
endoperoxide compound to form. During UV light exposure, the PVN thin film first 
crosslinked, then experienced chain scission. To prevent these detrimental reactions, thin 
film annealing was successfully performed in completely enclosed ovens or in a vacuum 
oven. 
 183 
5.5 ACKNOWLEDGEMENTS 
I would like to acknowledge my lab mate and good friend, Chae Bin Kim, for his 
invaluable advice and experimental help in collecting the data reported in this chapter. 
5.6 REFERENCES 
(1)  McCalden, R. W.; MacDonald, S. J.; Rorabeck, C. H.; Bourne, R. B.; Chess, D. G.; 
Charron, K. D. Wear Rate of Highly Cross-Linked Polyethylene in Total Hip 
Arthroplasty. A Randomized Controlled Trial. J. Bone Joint Surg. Am. 2009, 91 
(4), 773–782. 
(2)  Davies, K. J. a. Protein Damage and Degradation by Oxygen Radicals. J. Biol. 
Chem. 1987, 262 (20), 9914–9920. 
(3)  Reichmanis, E.; Frank, C. W.; O’Donnell, J. H.; Hill, D. J. T. Radiation Effects on 
Polymeric Materials. In Irradiation of Polymeric Materials; 1993; Vol. 527, pp 1–
8. 
(4)  Coffey, T.; Urquhart, S. G.; Ade, H. Characterization of the Effects of Soft X-Ray 
Irradiation on Polymers. J. Electron Spectrosc. 2002, 122 (1), 65–78. 
(5)  Chien, S. H.; Cheng, M. F.; Lau, K. C.; Li, W. K. Theoretical Study of the Diels-
Alder Reactions between Singlet ( 1Δg) Oxygen and Acenes. J. Phys. Chem. A 
2005, 109 (33), 7509–7518. 
(6)  Scientific Committee on Emerging and Newly Identified Health Risks. Light 
Sensitivity; 2008. 
(7)  Shimadzu. The Relationship Between UV-VIS Absorption and Structure of 
Organic Compounds http://www.shimadzu.com/an/uv/support/uv/ap/apl.html 
(accessed Jan 1, 2016). 
(8)  O’Donnell, M. Photodimerization of Solid Anthracene. Nature 1968, 218, 460–
461. 
(9)  Tomlinson, W. J.; Chandross, E. a; Fork, R. L.; Pryde, C. a; Lamola,  a a. Reversible 
Photodimerization: A New Type of Photochromism. Appl. Opt. 1972, 11 (3), 533–
548. 
(10)  Breton, G. W.; Vang, X. Photodimerization of Anthracene : A [ 4 S + 4 S ] 
Photochemical Cycloaddition. J. Chem. Educ. 1998, 75 (1), 81–82. 
(11)  Turro, N. J.; Chow, M.; Rigaudyo, J. Mechanism of Thermolysis of Endoperoxides 
of Aromatic Compounds. Activation Parameters, Magnetic Field, and Magnetic 
Isotope Effectst. J. Am. Chem. Soc. 1981, 103 (4), 7218–7224. 
 184 
(12)  Lauer, A.; Dobryakov, A. L.; Kovalenko, S. a; Fidder, H.; Heyne, K. Dual 
Photochemistry of Anthracene-9,10-Endoperoxide Studied by Femtosecond 
Spectroscopy. Phys. Chem. Chem. Phys. 2011, 13 (19), 8723–8732. 
(13)  Balta, D. K.; Arsu, N.; Yagci, Y.; Sundaresan, A. K.; Jockusch, S.; Turro, N. J. 
Mechanism of Photoinitiated Free Radical Polymerization by Thioxanthone-
Anthracene in the Presence of Air. Macromolecules 2011, 44 (8), 2531–2535. 
(14)  Kim, C. Bin; Janes, D. W.; McGuffin, D. L.; Ellison, C. J. Surface Energy Gradient 
Driven Convection for Generating Nanoscale and Microscale Patterned Polymer 
Films Using Photosensitizers. J. Polym. Sci. Part B Polym. Phys. 2014, 52 (18), 
1195–1202. 
 
  
 185 
Chapter 6: Future Works 
As previous chapters in this document have demonstrated, block copolymers are an 
attractive, potential solution for manufacturing the nanoimprint templates necessary for 
implementing bit pattern magnetic recording, which could carry the hard disk drive 
industry to areal densities of 5 Tbit/in2 and beyond.1 Many of the other patterning 
alternatives that can achieve such small features (5-10 nm),2 such as EUV,3 require 
immense capital investment in the form of tools whose arrival have been delayed almost a 
decade.4 In comparison, BCPs are cost-effective because each thin film is spin coated out 
of a dilute solution, and 1 L of BCP solution requires only 10 g of BCP. 
Not every BCP is lithographically useful; as mentioned in the introduction, there 
are some minimum criteria that should be satisfied in order for a BCP to be lithographically 
useful: 
6. Form a lithographically useful morphology 
7. Form features that are small enough to be useful for applications 
8. Perpendicular domain orientations in thin films 
9. Etch selectivity and resistance for ease of pattern transfer 
10. Ability to be aligned over large areas 
So far, in this dissertation, four BCPs were assessed for their potential industrial usefulness: 
poly(trimethylsilyl styrene-block-lactide) (PTMSS-PLA), poly(trimethylsilyl styrene-
block-isoprene) (PTMSS-PI), poly(pentamethydisilyl styrene-block-ethyl glycolide) 
(PDSS-PEGL), and poly((styrene–random-vinylnaphthalene)-block-methyl methacrylate) 
(PSVN-PMMA). While each aforementioned BCP has its strengths and improved upon 
existing BCPs, none of the four hit all five minimum criteria. To that end, this chapter 
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provides some ideas for future work that may increase the industrial worth of these 
materials. 
6.1 DIRECTED SELF-ASSEMBLY 
Directed self-assembly (DSA) has been demonstrated many times in the literature5–
7 to successfully align BCP domains to form device-useful structures over a large area. 
However, none of the BCPs described in this dissertation have been aligned, and this is a 
crucial step if any of these polymers are to be industrially useful. Thus, the next step in 
demonstrating the viability of these BCPs is DSA for all of these polymers.  
There are two common routes for DSA, chemoepitaxy and graphoepitaxy, and 
mentioned in Chapter 1. Many members of this project have successfully demonstrated 
chemoepitaxy for other silicon-containing polymers,8,9 and it is an ongoing area of 
investigation. While PSVN-PMMA has not been aligned by DSA, its cousin, PS-PMMA, 
has been successfully aligned by many DSA strategies.10 Thus, the next step for assessing 
the lithographic usefulness of PSVN-PMMA is testing whether the strategies and 
conditions that worked for DSA of PS-PMMA can be adopted for PSVN-PMMA. As 
demonstrated in Chapter 4, the same SNTs that were used to perpendicularly orient PS-
PMMA could also be used to orient some PSNV-PMMA. Therefore, it is hoped that the 
DSA conditions for PS-PMMA could provide a good starting point, if not the entire 
solution, for DSA of PSVN-PMMA.  
After finding the correct conditions for DSA of the polymers studied in this 
dissertation, defect density is the next major concern in terms of industrial implementation 
of BCP lithography.11 For example, for the HDD industry, the read/write head must be able 
to find the next bit based on the location of any arbitrary bit, and the acceptable defect 
density for the final magnetic disk is less than 1 in 1000 bits.10 Fine-tuning the DSA 
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conditions to reduce defectivity can be an iterative process with much trial and error, such 
as selecting the best brush chemistry for chemoepitaxy and the best trench depth for 
graphoepitaxy.12 One ongoing area of research for chemoepitaxy is optimizing the e-beam 
writing conditions and pattern multiplication processes such that low defect BCP patterns 
can be assembled on the least number of e-beam-patterned lines.13 Because the e-beam 
write step is the most time-consuming and expensive part of this process, optimizing this 
step has the greatest impact on increasing throughput. 
6.2 INCREASING ETCH CONTRAST AND RESISTANCE OF PSVN-PMMA 
While PSVN-PMMA can be perpendicularly oriented with only thermal annealing 
and can form smaller features than PS-PMMA, no etch studies have yet been conducted on 
this BCP. A longtime collaborator of the group, Stephen Sirard of Lam Research 
Corporation, has demonstrated fantastic etch results for PS-PMMA,14 and I hope that the 
recipe can be tailored for PSVN-PMMA.  
In Chapter 5, it was demonstrated that the VN moiety could form endoperoxide 
upon UV (254 nm) exposure and subsequent heating in the presence of oxygen, which 
leads to an interesting opportunity. Drawing inspiration from the many silicon-containing 
BCPs that have been studied within the group, the etch contrast between the PSVN block 
and the PMMA block can be increased by incorporating silicon into the PSVN block via 
surface chemistry. Incorporating silicon onto the PSVN block would also serve to increase 
the etch resistance of the remaining block after PMMA is removed. After the PSVN-
PMMA is perpendicularly oriented in thin films, the BCP can be heated to form 
endoperoxides or other oxidative functional groups at the surface of the PSVN regions, and 
silicon-containing brushes can be selectively grafted to the PSVN by forming a covalent 
bond with the oxygen containing functional groups. 
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Some preliminary work shows that this is a feasible method of introducing silicon 
to the PSVN block after the BCP has been oriented in a thin film. Water contact angle 
measurements were taken on as-spun PVN thin films, light exposed PVN thin films, and 
light exposed PVN thin films after various silane treatments. The silanes were spin coated 
on the exposed PVN thin films, washed with toluene, and heated for 1 minute at 120 C. 
As shown in Figure 6.1, the water contact angle of PVN changed after light exposure. 
After grafting trimethylchlorosilane and (3-aminopropyl)triethoxysilane (APTES) on two 
different exposed samples, the water contact angle changed significantly, indicating that 
the chemical makeup of the thin film surface was indeed modified. 
 
Figure 6.1  Water contact angle images of as cast PVN thin film, exposed PVN thin 
film, and exposed PVN thin film with grafted (a) trimethylchlorosilane and 
(b) APTES.  
Many additional tests will need to be conducted to determine the feasibility of this 
proposal. First, water contact angle is a poor quantitative measurement of surface grafting. 
However, as a first test, it is sufficient to provide qualitative proof that this avenue may be 
worth pursuing. Next, these preliminary experiments used pure PVN homopolymer, which 
As	cast	PVN Exposed	PVN Trimethylchlorosilane
As	cast	PVN Exposed	PVN APTES
(a)
(b)
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presents the maximum grafting sites for silanes. When used on BCP thin films, where VN 
accounts for as little as 7 mol% of the BCP, the results may be vastly different. Further 
experiments are needed to optimize grafting density on BCP thin films. Finally, a 
monolayer of silicon on the surface of the BCP thin film may not be sufficient to provide 
suitable etch contrast between the two blocks because the inorganic etch barrier takes a few 
seconds to form, during which time 5 nm or more of the thin film is etched away. In this 
case, the endoperoxides could be exploited to initiate other secondary reactions or 
polymerizations, of which silane grafting is an example. Using the endoperoxide as an 
initiation site could also increase the silicon density at the top of the BCP, providing 
enhanced etch contrast. 
6.3 DOPING SMALL MOLECULES INTO PSVN-PMMA 
A quick, interesting possible avenue of investigation would be ascertaining whether 
doping small amounts of pyrene or graphene into the PVN block of PSVN-PMMA could 
induce phase transitions and increase the effective  parameter. This is inspired by a study 
by Aissou et al. that demonstrated doping small amounts of bipyridine into a sugar-block-
polystyrene BCP induces phase transitions of the BCP.19 For example, if introducing a low 
concentration of a small molecule into the PSVN block of a disordered PSVN-PMMA BCP 
could induce order, even smaller features could be realized.  
However, doping small molecules into the BCP could also selectively plasticize the 
block it prefers, which could drastically change the surface energy of that block. In 
addition, doping of small molecules could also change the etch properties of the block it 
prefers, which might be detrimental or advantageous for the intended application. 
Therefore, careful proof of concept experiments should be designed and conducted before 
investing copious time and energy pursuing this path.  
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6.4 INTRODUCING SELF-INTERACTION IN THE PMMA BLOCK OF PSVN-PMMA 
PSVN-PMMA demonstrated that enhancing the self-interaction of one block of a 
BCP is a viable strategy for increasing the BCP’s  parameter. A potential future project 
could investigate how increasing self-interaction of both blocks affects the  parameter of 
the BCP. For example, many studies have shown that introducing hydrogen bonding in a 
block affects the microphase segregation behavior of the BCP.15,16 Therefore, an interesting 
future work could involve including hydrogen bonding in the PMMA block. 
Many groups have studied poly(styrene-block-methacrylic acid) (PS-PMAA) in the 
context of micelles for drug delivery applications.17,18 Drawing inspiration from their work, 
small amounts of MAA could be included in the PMMA block of PSVN-PMMA to 
introduce self-interaction in that block, as shown in Figure 6.2. However, because PS-
PMAA readily forms micelles in solution, there is likely a maximum amount of MAA that 
can be incorporated in PMMA. Above that maximum amount, the BCP will likely not 
dissolve in common spin coating solvents, as it will form micelles instead.  
 
 
Figure 6.2  Proposed BCP that incorporates self-interaction into both blocks. 
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Therefore, the first test will be to try to incorporate a modest amount of PMAA into 
the PMMA block of PS-PMMA (around 20 mol%) to see whether this poly(styrene-block-
(methyl methacrylate-random-methacrylic acid)) (PS-PMMAMAA) will form micelles in 
toluene or other common spin coating solvents, such as cyclopentanone, MIBK, PGMEA, 
α-methylene-γ-butyrolactone, and dioxane. If this PS-PMMAMAA cannot be dissolved in 
spin coating solvents, it cannot be used for thin film applications, rendering it useless for 
the application at hand. 
Provided the BCP can be spin coated, the next step would be to determine its  
parameter. If there is an increase compared to PS-PMMA, the PMMAMAA block can be 
added to the PSVN block to create PSVN-PMMAMAA, which would possess self-
interactions in both blocks:  interactions in the PSVN block and hydrogen bonding 
interactions in the PMMAPMAA block. These effects should both theoretically increase 
the  parameter of the BCP. It would be interesting to see how the effects on the  
parameter add up: would the increase from the PSVN  interaction add linearly to the 
expected increase from the PMMAMAA hydrogen bonding? Or would there be some sort 
of synergistic effect that leads to exponential increase in when both blocks have self-
interaction? Conversely, would the self-interactions of the two blocks somehow cancel 
each other out in some way? 
Finally, the thin film performance of the proposed PSVN-PMMAMAA BCP must 
be evaluated. As mentioned before, one of the main advantages of PS-PMMA is its simple 
orientation procedure by simply thermal annealing. If the proposed BCP can no longer be 
oriented by thermal annealing, there is little advantage to choosing to work with a PS-
PMMA-derivative BCP as opposed to working with another high- BCP, such as one that 
can be oriented with top coats. 
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